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ABSTRACT

As stricter emission and fuel efficiency regulations continue to be set forth by
government regulating bodies, the need to optimize the gasoline engine and control every
aspect of combustion has never been greater. Gasoline engines which utilize exhaust gas
recirculation (EGR) and lean-burn combustion systems are attractive pathways which
have shown potential in reaching these targets. However, due to the suppressed reactivity,
the ability to ignite and completely burn the mixture is reduced and can lead to unstable
operation. It is well established that increased in-cylinder air motion can improve the
mixing and turbulence generation which in turn, increases the probability of ignition and
the flame velocity. This work investigates the potential benefit of enhanced swirl motion,
which is the rotation of charge about the cylinder axis, under lean engine operating
conditions. The ultimate objective is to extend the lean-limit of combustion and increase
the thermal efficiency.
Steady flow tests were conducted on a cylinder head from a single-cylinder
research engine using an in-house developed flow bench system. Swirl speeds were
measured using a vane-type swirl meter. Computational fluid dynamics (CFD)
simulations were conducted to investigate different intake geometries to enhance the
swirl motion. The intake runner geometry which produced an increase in the swirl speed
was tested on the flow bench. The steady-flow results showed an increase in the swirl
ratio over the baseline measurements. Finally, engine tests were conducted to investigate
the effect of the enhanced swirl. The engine test results demonstrated that the lean limits
were extended and the thermal efficiency was increased with the enhanced swirl.
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CHAPTER 1: INTRODUCTION

CHAPTER 1: INTRODUCTION
This chapter presents the motivation for this thesis work and provides background
information on the relevant challenges associated with present day internal combustion
engines. The major objectives of this work will be defined along with the associated
engineering challenges. An overall outline of the thesis is shown in Figure 1-9.

1.1 Research Motivation
The internal combustion engine has been used for more than 150 years primarily
as a source to convert chemical energy into mechanical energy [1,16]. The extracted
mechanical energy has been used for propulsion systems of automotive vehicles, water
vessels, and airplanes as well as a means of electric power generation to name a few. The
credit for the gasoline internal combustion engine is attributed to Nicolaus A. Otto (18321891) who developed a working engine prototype in 1876 which operated with four
strokes of the piston (intake, compression, combustion, and exhaust) [1].
The next major development in internal combustion engines came from Rudolf
Diesel in 1895 [2]. Diesel filed a patent which outlined his concept of a compression
ignition engine commonly known today as the diesel engine. Traditionally, the diesel
engine has had a higher efficiency than a gasoline engine, which is attributed to the
higher compression ratio, lean operation, and the lack of intake throttling. The
compression ratio of gasoline engines is limited by the fuel property of gasoline. The
octane number of gasoline is a measure of resistance to knock. The larger the octane
number, the higher the auto-ignition resistance of the fuel. Engine knocking occurs when

1
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the air-fuel mixture is auto-ignited by the high temperature instead of by the ignition
system, i.e. the spark plug.
The internal combustion engine has evolved in many different ways in the past
century including, but not limited to, the fuel injection equipment and fueling strategy,
ignition control, engine design and geometry, and metallurgy. These improvements have
been made with the primary objectives of improving fuel efficiency and reducing harmful
exhaust emissions.
In the passenger car segment, gasoline engines have typically dominated the
North American market unlike Europe. For instance, diesel engine cars have maintained
an approximately 50% share of the Western European passenger car market in the last
twenty years [3]. This trend for diesel powered passenger cars in Western Europe is
shown in Figure 1-1 from the year 1990 to 2016. A very rapid growth is shown from the
year 1990 to 2016 with an increase of over 35% in diesel engine vehicles.

Market Penetration [%]

60
50
40

Introduction of
HSDI engines
Global
Recession

30
20
10

0
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Year
Figure 1-1: Diesel Engine Market Share in Passenger Cars – Western Europe [3]
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In contrast, the diesel engine market in North America is mainly composed of
medium and heavy-duty vehicles. This majority is shown by the data adapted from the
United States Department of Transportation in Figure 1-2.

Gasoline
Light
Trucks
39.36%

Gasoline
Medium and
Heavy
Trucks
0.80%
Diesel
Vehicles
4%

Gasoline
Cars
55.94%

Medium &
Heavy- Duty
Trucks
3%

Passenger Cars 1%
Light-Duty Trucks
<1%

Figure 1-2: US Composition of Diesel and Non-Diesel Vehicle Fleet [6]

This data shows the registered on-road vehicle market share of 218 million
vehicles total by engine type from 2014. Vehicles which are powered by gasoline engines
occupy approximately 95.6% which equates to 201 million vehicles, the majority of
which are gasoline powered passenger cars. Approximately 4% of the total vehicle
market is comprised of diesel engine powered vehicles, the majority of which are
medium and heavy-duty trucks. The diesel engine is an optimal choice for these
applications due to better brake torque characteristics, durability, and fuel efficiency in
comparison to gasoline engines.
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The diesel engine market for passenger cars is substantially smaller in the U.S
compared to Europe. One reason could be the significantly lower running cost of diesel
engine cars in Europe compared with that of gasoline cars [4,5]. Recent international
attention on the emissions of diesel engine powered passenger vehicles could also affect
the growth of their market share. In the present scenario, the gasoline engine is expected
to dominate the passenger cars and light duty trucks segment for the foreseeable future in
North America until there is a shift in fuel prices and more vehicle options with diesel
engines become available.

1.2 Current Emission Standards
In the late 1960’s and early 1970’s, the California Air Resources Board (CARB)
and the United States Environmental Protection Agency (US EPA) were created. These
were the first governing bodies which set the limits of air pollutants from the exhaust
emissions of mobile sources (vehicles) into the atmosphere following the amendments
made to the Clean Air Act (CAA) of 1970. These bodies were created due to the
increased concerns about public health and environmental sustainability which arose in
California due to the severe smog pollution and the energy crisis in the 1970’s.
Commonly regulated exhaust emissions from internal combustion engines are Nitrogen
Oxides (NOx), particulate matter (PM), carbon monoxide (CO), and unburnt
hydrocarbons (UHCs). Additionally, greenhouse gases (GHG’s) such as carbon dioxide
(CO2) are regulated through fuel efficiency standards. The automotive exhaust emissions
have been proven to cause severe health and environmental effects [7]. Therefore, CARB
and EPA bodies have set increasingly stringent emission regulations in the past two

4
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decades for both gasoline and diesel powered vehicles. The implementation of emission
control equipment, such as three-way catalytic converters (TWCC) for gasoline engines
and most recently selective catalytic reduction (SCR) systems for diesel engines, have
assisted in meeting these regulations. The gasoline passenger car and light duty vehicle
emission standards are shown below in Table 1-1 [9].

Table 1-1: U.S EPA Exhaust Emission Standards for Passenger Cars and Light Duty
Vehicles up to 3856 kg (8500 lbs) [9]

Legislation

Tier 1
(1994-1997)

Tier 2
(2004-2009)

Tier 3
(2017-2025)

NMOG+
NOx

NMOG/
NMHC

CO

NOx

PM

HCHO

[g/mile]

[g/mile]

[g/mile]

[g/mile]

[g/mile]

[g/mile]

Passenger
Cars

-

0.25

3.4

0.4

-

-

Bin 5

0.125

0.075

3.4

0.05

-

0.015

Bin 30

0.03

-

1

-

0.003

0.004

Category/
Bin #

The emission limits are measured over a standard driving cycle when the vehicle
is mounted on a chassis dynamometer. Three driving cycles exist; the Federal Test
Procedure (FTP 75), the Supplemental FTP US06 and the SFTP SC03. The FTP 75 is the
standard driving cycle used to evaluate the vehicle’s emissions and is approximately 30
minutes in duration. The driving cycle simulates a distance of ~17 kilometers (km) which
include three phases: a cold start phase, a stabilized phase, and a hot start phase [9]. The
SFTP US06 was developed in 2008 to account for high acceleration and aggressive
driving following engine start-up. The SFTP SC03 is another test which was adopted in
5

CHAPTER 1: INTRODUCTION

2008 that requires the air conditioning inside the vehicle to be turned on, attributing to
engine load, while the exterior temperature is maintained at 95°F [9].
Tier 2 emission standards were more stringent than Tier 1, mandating an 87%
reduction in NOx. Additional changes in the Tier 2 regulations made the standards more
stringent for larger vehicles. Passenger cars, vans, trucks, and sport utility vehicles (SUV)
were required to meet the same criteria as passenger cars. The Tier 3 standards
commissioned a 76% reduction in the combined non-methane organic gases (NMOG)
and NOx (0.125 – 0.03 g/mile) as well as a 70% reduction in carbon monoxide emissions
(3.4 – 1 g/mile).
In addition to automotive manufacturers’ striving to meet the emission standards,
they also must consider the vehicle’s fuel efficiency as well. The Corporate Average Fuel
Economy (CAFE) standards were first introduced in the CAA by Congress in the 1975
Energy Policy and Conservation Act [10]. The act has set separate fuel economy targets
for automakers’ passenger car and light truck fleets since 1978. These regulations were
established to reduce the energy consumption, and as a by-product, engine-out emissions,
especially CO2, was lowered since less fuel is combusted. The CAFE regulations require
each manufacturer to meet specific fuel economy standards which are calculated by a
sales based weighted average for an entire fleet. An overview of the previous CAFE
standards, as well as the future projected standards, are shown in Figure 1-3 from the year
1980 through 2025, obtained from the U.S Department of Transportation [8]. The earliest
standard was set to double fuel economy from 13.6 to 27.5 miles per gallon (mpg) by
1985. The standard remained at 27.5 mpg until 2010. In 2007, a mandate was made to
increase fuel efficiency by 40% by 2025 and that CO2 be regarded as a pollutant and

6
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regulated by the EPA. Since 2007, the EPA with the National Highway Traffic Safety
Association (NHTSA) has set progressively strict fuel efficiency standards for both
passenger cars and light duty trucks.

56.2 MPG
160 g CO / mile

60
55
Miles Per Gallon [MPG]

2

CAFE - Passenger car
CAFE - Light Truck

50

Passenger Car

45

Light trucks

40.3 MPG
220 g CO / mile
2

40

36.4 MPG
244 g CO / mile

35

2

30
25

Projected
Standards

20
15
1970

1980

1990

2000
Model Year

2010

2020

2030

Figure 1-3: Historical Trend of U.S. Vehicle Fuel Economy and CAFE Standards [8]

The projected standards, for the model year 2025, require passenger cars to meet a
fuel efficiency of 56 mpg or a CO2 emission equivalent of 160 g/mile. That is a current
increase in fuel efficiency of over 35% for passenger cars. The fuel efficiency standards
for light duty trucks that include vans and sport utility vehicles (SUVs), are generally
lower compared to the standards for passenger cars due to the increased vehicle size and
weight. As shown above, the trend of actual passenger car fuel efficiency had been
relatively higher than the standard limits, more so than light trucks. The offset is
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attributed to the fact that the power requirement is much less for passenger cars and they
have benefitted from engine downsizing and reductions in vehicle weight. Engine
downsizing is one possible pathway to reach increased fuel efficiency because the overall
displacement of the engine is decreased and the can potentially lower the throttling losses
at partial loads. Fuel efficiency can also be increased by selecting lightweight materials
for various components. This is quite common in modern vehicles today through the use
aluminum body panels rather than steel. However, further development and different
strategies must be investigated to meet these projected future regulations.

1.3 Thermal Efficiency of Spark Ignition Engines
The improvement of the thermal efficiency of an internal combustion engine is an
effective method for reducing fuel consumption. The theoretical thermal efficiency of a
spark ignition (SI) gasoline engine can be estimated using Equation 1-1, the efficiency of
the Otto cycle:

1 𝛾−1
𝜂𝑡ℎ = 1 − ( )
𝑟𝑐
𝛾=

𝐶𝑝
𝐶𝑣

(1.1)

(1.2)

where rc is the compression ratio, γ is the ratio of specific heats, Cp [kJ/kg K] and Cv
[kJ/kg K] are the specific heat at constant pressure and constant volume respectively of
the working fluid.
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Equation 1-1 shows that if the compression ratio were increased, a greater
efficiency could be achieved. However, the compression ratio of current gasoline engines
is limited for proper operations due to the ability of gasoline to auto-ignite easily under
high temperature and pressure conditions. This auto ignition includes knock and preignition combustion. Knock is undesirable because the auto-ignition of the mixture is
unpredictable and can occur before the ignition of a spark plug, or before the arrival of
the flame front. This pre-ignition can take place before the optimal crank positioning,
reducing the efficiency and increasing the maximum in-cylinder pressure. The preignition of the air/fuel mixture can also cause damage to engine components and can lead
to engine failure [11].
The efficiency of the gasoline SI engine has slowly increased in the last 50 years
through the development of different components and combustion strategies. Figure 1-4
shows the historical trend of SI engine’s thermal efficiency.
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Figure 1-4: Historical Trend and Future Projection of Gasoline Spark Ignition Engines,
Adapted from [12]

Current production gasoline engines have an efficiency of approximately 30-35%
at full load. The trend shows that the thermal efficiency of the gasoline engine will only
increase in the future years, driven by the increasingly stringent emission regulations and
environmental sustainability.

1.4 Lean or Diluted Combustion
An effective method for increasing the efficiency of a gasoline SI engine is to use
a lean or diluted the cylinder charge. Lean or diluted cylinder charges can assist in
lowering the throttling losses incurred from the throttle body. Lean-burn or dilution can
be accomplished by either increasing the amount of intake air inside the cylinder by
increasing the opening of the throttle valve leaning the air-fuel mixture, or by using
10
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exhaust gas recirculation (EGR). External EGR is a process where the exhaust gas of the
previous engine cycle is routed back into the intake manifold and reused for the engine
cycles to follow. Internal EGR is achieved mainly through the timing of the intake and
exhaust valves. When the exhaust valve is kept open during the intake stroke, some
exhaust gas is drawn back into the cylinder due to the negative pressure inside the
cylinder. However, to have control of the amount of internal EGR, the exhaust cam
profile must be completely variable [31]. This is a complicated task, and for that reason,
external EGR has become widely adopted on modern engines. Two different external

EGR Cooler

EGR
Cooler
Turbine

EGR Valve

EGR
Valve
Atmospheric Air

Compressor

Charge Air Cooler

Exhaust Gas

Exhaust
Gas
Turbine

Atmospheric Air

Compressor

EGR loops, high and low pressure are shown in Figure 1-5 for a SI engine.

Charge Air Cooler

Port Injector

Port Injector

(a)

(b)

Figure 1-5: Schematic of High (a) and Low Pressure (b) EGR Loops for SI
Engines

The application of EGR in port fuel injected (PFI) SI engines is used to reduce
fuel consumption and reduce NOx emissions [31]. Fuel consumption is reduced by
11
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diluting the cylinder charge with exhaust gases, thus allowing a larger throttle opening for
the same power and torque output which consequently reduces pumping/throttling losses.
NOx emissions are reduced due to the lowered in-cylinder combustion temperatures and
the reduced concentration of oxygen available to oxidize with nitrogen.
Another method is to allow more air into the cylinder than would be required for
stoichiometric combustion. This combustion concept is also referred to as lean-burn. As
the air/fuel ratio increases, the overall charge becomes leaner than stoichiometric
conditions. This method is quite effective in reducing fuel consumption because the
throttle body is opened further to allow more air in the cylinder reducing the pressure
drop. Furthermore, with the increased amount of excess air, the ratio of specific heats (γ)
is increased due to the change in the cylinder charge composition [13]. An increase in
efficiency is evident from Equation 1-1 with an increase in γ. In theory, the higher the
level of dilution applied, the larger the increase in efficiency. However, in practice, the
combustion of diluted mixtures is difficult due to the suppressed reactivity of the mixture
[1,16].
Emission levels are also reduced when air dilution is applied. Dilution lowers the
combustion temperature, since less fuel is combusted, which directly affects the
formation of NOx. In addition, the hydrocarbon (HC) emissions are lowered due to the
increased amount of oxygen available for the oxidation of the fuel. A typical emission
trend, adapted from [1], for a conventional SI engine is shown in Figure 1-6 with varying
air/fuel ratio.
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Figure 1-6: Variations of Emissions of Conventional Spark Ignition Engines with
Varying Equivalence Ratio, Adapted from [1]

In practice, the combustion of diluted or excessively lean mixtures is difficult due to the
suppressed reactivity of the mixture. In addition, the flame propagation speed is also
slower [16]. Research has shown that increased dilution directly decreases the laminar
flame speed [16]. The decrease in the flame speed can cause significant cycle-to-cycle
variations which are undesired since this directly affects drivability of a vehicle [1]. It is
also probable that the flame speed can become slow enough to the point that the
combustion of the fuel is incomplete by the time the exhaust valve opens. At this point,
the remaining UHCs are exhausted thereby reducing efficiency and increasing emissions.
As the excess air or dilution level in the cylinder is further extended, the misfire limit is
13
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reached at which the mixture fails to ignite. This increases the occurrence of misfires and
reduces efficiency, increases UHC emissions, and produces large torque variations and
roughness in engine operation.
To overcome the deteriorated ignitability of the diluted or lean mixture, some
researchers have compensated by introducing increased amounts of spark energy from
the ignition system as well as using a different type of ignition system [27,28]. The
increased ignition energy and volume of ignition have proven effective in increasing the
operable range of diluted combustion. Additionally, the period between when the
command signal is given to the spark plug, and the combustion of the mixture begins,
defined as the ignition delay, can be shortened using increased ignition energy or multiple
ignition sites (two spark plugs). These ignition strategies have improved the control of
combustion phasing which directly contributes to the efficiency increase.
Another strategy used to accelerate the flame speed and shorten the combustion
duration is to enhance the charge air motion during the engine intake. This is typically
accomplished through the design of the intake ports. Charge air motion controls the
mixing and homogeneity of the air-fuel mixture. It also affects the in-cylinder turbulence
during combustion, which subsequently affects the flame propagation speed.

1.5 Charge Air Motion – Swirl
It is well established that the air and fuel mixing process in SI engines is one of
the most significant elements governing the combustion process and as a result, the
engine performance and engine-out emissions. The in-cylinder air motion structure is
predominantly dependent on the geometry of the intake ports [1,16]. The intake ports can
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be helical shaped or placed tangentially along the cylinder in which air is ejected along
the cylinder wall creating an organized rotation of charge about the cylinder axis. This
organized rotation about the cylinder axis is defined as swirl motion which is shown in
Figure 1-7.

A

A
Section View A-A

Figure 1-7: Swirl Charge Air Motion – Rotation about Cylinder Axis

Swirl motion is commonly used in direct injection (DI) engines to promote the
mixing of the fuel spray with intake charge. Typically, a multi-hole injector is used for
the injection of fuel into the cylinder. The swirling motion of intake charge passes
through the fuel plumes to promote the mixing process. The swirl motion, depending on
the strength, is initiated during the intake stroke, continued to the compression stroke, and
can persist through the power stroke even to the exhaust stroke. The charge motion
assists the burning and oxidation of any hydrocarbons remaining in the combustion
chamber when oxygen reserve is avaliable. This lowers HC emissions and increases the
combustion efficiency.
15
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Swirl motion can also be used in port fuel injection (PFI) engines and DI SI
engines to enhance the combustion process. The presence of swirl motion increases the
turbulence, which hastens the combustion process by increasing the flame speed.
Turbulence is generated by viscous shear forces between fluid motions. Turbulence can
be increased when the piston is on the compression stroke, from the moving geometry of
the piston in a combustion chamber. Turbulence present during ignition wrinkles the
flame front (turbulent flame front). This wrinkling effect essentially increases the surface
area of the flame front which is responsible for increasing the flame speed. This
phenomenon is depicted in Figure 1-8.

Unburnt Gas
Burnt
Gas

Burnt
Gas
Unburnt Gas

(a) Laminar
Flame Front

(b) Turbulent
Flame Front

Figure 1-8: Comparison between Laminar Flame (a) and Turbulent Flame (b),
Adapted from [16]

Typically, a four valve engine (two intake and two exhaust valves) will have two
different shaped intake ports. One intake port is straight, providing a direct path to the
cylinder, while the other can be helically shaped. This helically shaped intake port is used
16
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to give the incoming intake charge angular momentum which shapes the bulk motion.
Different levels of swirl are attainable due to the ability to send the intake charge to either
the direct or the helical port, or both.
Two valve CI engines (one intake and exhaust valve), often employ a helically
shaped port for the development of swirl. In this arrangement, the magnitude of swirl and
turbulence can only be varied by changing the intake valve lift and/or duration or by
placing an obstruction before the port to give the incoming flow some asymmetry for
momentum.

1.6 Objectives of this Research
The main objectives of this research are to develop a flow bench research
platform, capable of characterizing flow performance and swirl production, investigate
different methods of enhancing the swirl speed, and to experimentally study the effect of
increased swirl motion on engine combustion performance. This was accomplished by
steady flow testing with a research engine cylinder head, to first obtain a baseline
measurement. The results of the baseline measurement were then used to calibrate a
computational fluid dynamics (CFD) model developed. In this research, after a
satisfactory correlation was observed, different intake manifold insert geometries were
simulated to enhance the air motion. The geometry which produced the largest increase in
swirl motion was fabricated. The fabricated insert was tested on the flow bench to
confirm the enhancement of the swirl. Finally, engine tests were conducted to investigate
the effect on combustion with and without the use of the new insert.
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1.7 Thesis Structure
This thesis consists of 7 chapters, and the details of each chapter are illustrated in
Figure 1-9. Chapter 1 provides a brief introduction to the gasoline spark ignition engine
and shows the trend of emission standards including future projected standards. Different
combustion strategies are introduced, and their respective limitations are addressed. The
significance of charge air motion is established, explaining how swirling air motion can
potentially benefit the combustion process and thereby increase efficiency and reduce
emissions. The objectives of this research are outlined at the end of the chapter. Chapter 2
provides a detailed literature review regarding charge air motion. The research tools used
for this thesis work are discussed in detail and shown schematically in Chapter 3.
The main body of this thesis is presented in Chapters 4-6. The results performed
on the flow bench are discussed in Chapter 4. Chapter 5 presents the results obtained
from the numerical simulations. A comparison is made between the swirl speeds obtained
from flow bench tests and the CFD modeled swirl speeds. The latter part of this chapter
discusses the methods used to enhance the swirl air motion, and the tests conducted on
the flow bench with the selected intake geometry. The results from the engine tests are
presented in Chapter 6. Finally, Chapter 7 summarizes the overall results and conclusions
from Chapters 4-6; and recommendations for future studies are provided. Further
information regarding the references, appendices, and a list of publications are also
provided to end the thesis.
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The in-cylinder charge air motion has proven to be effective to improve the
combustion, and potentially the exhaust emissions [1,16,24]. With the increasingly
stringent emission regulations and CAFE standards for fuel economy, the fuel-lean
combustion may provide benefits over traditional stoichiometric combustion for SI
engines. For these reasons, advanced combustion systems which utilize enhanced air
motion to assist in increasing the burning rate are of interest to overcome the adverse
effects of diluted combustion. This chapter provides a literature review on the
measurement of charge air motion and the effect on combustion.

2.1

The Measurement of Swirl
The significance of charge air motion, and its influence on combustion, has been

known for quite some time. Swirl was investigated in CI diesel engines as early as 1934
[17]. Alcock [17] investigated swirl motion by placing a rotating vane connected to a
shaft inside the combustion chamber of a CI diesel engine. The shaft was sealed through
the cylinder head using a sealing gland and allowed to rotate freely. The swirl speed was
indicated mechanically by an external counting mechanism geared to the shaft. The
engine was motored and the swirl speed was recorded. Another device, which contained
only one vane, measured the torque exerted on the blade by the swirl. The swirl ratio was
recorded while the engine was motored. Later, the swirl meter was removed and
combustion tests were conducted. It was found that an optimal swirl ratio existed, the
ratio of air swirl speed to the engine speed, which produced the largest brake mean
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effective pressure (BMEP) and lowest brake specific fuel consumption (BSFC). A
definite correlation between charge air motion and engine performance was presented.
Many researchers utilized the vane-type swirl meter for the measurement of swirl
during steady flow tests [1,15,17-21]. The connection between steady flow tests and
actual engine operation was made possible due to the flow characteristics common
between the two. During engine operation, the intake flow is fully turbulent and since the
flow experienced during flow bench tests is turbulent, the Reynolds numbers are similar
[22, 29]. Since the Reynolds numbers are similar, non-dimensional flow parameters can
be determined from steady flow bench tests since these parameters are independent of the
mass flow rate and related to the flow during engine operation [22]. The vane-type swirl
meter measures the swirl speed within the cylinder at each valve lift. The swirl ratio,
which is a single metric for defining the air motion relative to the engine speed, is
determined by obtaining the swirl speed at different values of valve lift from steady flow
measurements. At the end of the induction process, the momentum is equal to the sum of
the angular momentum experienced during the entire induction process [22, 29].
Another commonly used device for measuring swirl is the impulse-torque swirl
meter originally proposed by Tipplemann in 1977 [23]. This device encompassed a flow
straightening device, or a honeycomb core, which was used to arrest the angular
momentum from the flow. The restraining torque required to arrest the swirl is measured
by a reaction torque device and recorded at each valve lift. This type of device has been
used quite often for the steady flow testing of cylinder heads in literature [15,19].
Heim at al [15] compared the performance of a vane-type swirl meter and an
impulse-torque swirl meter. They conducted steady flow tests on two different cylinder
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heads using both types of swirl meters. It was shown that the impulse-torque swirl meter
produced a larger swirl coefficient relative to the value obtained from the vane-type swirl
meter. The authors also devised a method of calibrating the swirl meters by inducing a
known quantity of swirl into the cylinder and measuring it with both devices. It was
found that the impulse-torque swirl meter responded better, obtaining a closer value to
the known input. However, the authors used a flow straightener, a honeycomb shaped
device, as the “paddle-wheel”, and not the typical two-bladed vane style.
A similar trend had been observed by Kawashima et al [21] in 1998 for steady
flow tests conducted with the vane- and impulse-torque type swirl meters. A four-valve
engine was used which utilized a direct port and a helical port for the induction of intake
charge to the cylinder. Different values of the swirl ratio were obtained by a swirl control
valve, which was placed in front of the direct port. The position of the valve was changed
to either allow or restrict the flow into this port. It was found that very small differences
in the calculated swirl ratio were present between the two methods of measuring swirl at
low swirl values. However, as the swirl ratio was increased above 2, it was found that the
vane-type swirl meter produced lower swirl speeds resulting in a lowered swirl ratio than
the swirl ratio obtained from the impulse-torque swirl meter.
Other non-intrusive methods of measuring swirl have been devised which include
particle image velocimetry (PIV) and laser Doppler anemometry (LDA) measurements of
the velocity field both on the flow bench and in motoring engines with optical access
[16]. The main advantage of these types of measurement methods is that there is no
artificial disturbance to the flow field, and more detailed information on the flow field
can be extracted. However, the overall system complexity may be greater.
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Nordgren et al [25] conducted in-cylinder flow experiments using PIV
measurement in an optical engine and compared the results with CFD simulations. The
CFD results were also compared with conventional steady flow test rig swirl
measurements made with an impulse-torque swirl meter. The overall trend of the swirl
speed development determined from the in-cylinder PIV experiments was in good
agreement with the CFD results. A close agreement was noticed for the predicted swirl
between the results of the CFD simulation and the impulse-torque swirl meter.
Wang et al [30] investigated the effect of variable valve lift on the production of
in-cylinder air motion. An optical engine with PIV equipment was used to obtain velocity
data while the engine was motored. The maximum intake valve lift was varied to obtain
enhanced air motion within the cylinder. The swirl ratio was calculated by obtaining the
tangential velocities of the seeding particles from the high-speed images. It was found
that lowering the maximum intake valve lift increased the swirl ratio and air motion
effectively, from measurements in different planes throughout the intake and
compression stroke.
There are different methods used for the measurement of the air motion in internal
combustion engines. Measurements which are conducted on a flow bench provide a fairly
inexpensive and reliable method of measuring the in-cylinder air motion induced during
induction, in comparison to the optical engine methods discussed [29].

2.2

Effect of Diluted Combustion in SI Engines
The application of EGR is an effective in-cylinder method to reduce the engine-

out NOx emissions for SI combustion engines [31]. The other added benefit of the
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application of EGR in SI engines is the reduction of throttling losses in the low to midrange engine loads [1,32,33]. Throttling losses are created from the pressure differential
across the throttle valve when the engine is operated in mid- to low-range loads. At these
conditions, energy is consumed to draw charge air into the cylinder resulting in negative
work from the engine cycle. The application of EGR assists to minimize these losses by
allowing an increased opening of the throttle valve and diluting the cylinder with exhaust
gasses from previous cycles [31]. Therefore, the engine load is maintained by fixing the
fueling rate and managing the amount of available oxygen by controlling the amount of
EGR dilution.
Cha et al. [32] studied the effect of EGR on combustion performance of a four
cylinder port-injection gasoline engine. Standard engine test conditions from the Federal
Test Procedure (FTP-75) were used and the baseline engine performance was measured.
The EGR rate was increased until an acceptable level of engine cycle-to-cycle variation
was exceeded. In this study and other literature, the acceptable level of engine cycle-tocycle variation (COVIMEP) was 10% [1]. It was found that the EGR reduced the NOx
emissions from 25% to 89% compared with the base engine results. The brake specific
fuel consumption (BSFC) also decreased with the addition of EGR as the spark timing
was advanced. It was also found that the burning rate and burned gas temperatures
decreased.
Xie et al. [33] investigated the effect of hot EGR dilution on the combustion
performance of a gasoline direct injection (GDI) engine. In this work, the exhaust gasses
were not routed through a heat exchanger before being supplied to the intake. Similar in
other researches, it was found that the BSFC and NOx emissions were decreased while the
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brake thermal efficiency increased with the application of EGR. At an EGR ratio of 20%,
it was shown that the fuel savings reached 7% with a decrease in NOx emission of 36%
when compared with the base measurements at the same load conditions. In addition, the
flame development time was increased and the flame speed was decreased, evident from
the increase in combustion durations.
Alternatively, lean-burn combustion is another method of interest which has
shown some benefit over EGR dilution. The lean-burn combustion strategy dilutes the
cylinder charge with excess amounts of air which benefits the engine cycle efficiency by
increasing the opening of the throttle valve thereby reducing the pumping losses of the
engine.
Hacohen et al. [34] compared the combustion performance of lean-burn and EGR
in a spark ignition engine. Different EGR dilution levels and equivalence ratios were
investigated. It was found that at full load and wide open throttle (WOT) conditions, leanburn combustion exhibited higher indicated thermal efficiencies at all equivalence ratios.
Lumsden et al. [35] investigated the possible advantages of lean-burn over EGR
in a PFI four-cylinder gasoline engine. In both cases, the diluent mass was increased and
the engine performance characteristics and emission data were compared. It was shown
that the diluent mass ranges were extended for the lean-burn case, allowing higher levels
of dilution over EGR. It was also proven that lean-burn operation could achieve lower
BSFC at the same dilution level as EGR. When compared to lean-burn combustion, the
EGR diluted combustion had lower NOx but greater HC emissions.
More recently, Tang et al. [36] compared the combustion characteristics and
performance of EGR and lean-burn in a four cylinder, port fuelled, 1.6L gasoline engine.
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It was found that the indicated specific fuel consumption (ISFC) was reduced further for
lean-burn combustion than the EGR diluted combustion, at low load conditions of 2 bar
BMEP and an engine speed of 2000 rpm. The lean-burn combustion strategy also showed
shorter combustion durations and higher combustion efficiencies for all levels of dilution
compared with EGR. The advantage that the EGR dilution showed over lean-burn
combustion was a lowered NOx emission. However, the emission concentrations of
hydrocarbons (HC) and carbon monoxide (CO) were consistently lower for the lean-burn
combustion.
The lean-burn combustion strategy has shown potential for the increase in engine
efficiency as well as the reduction of fuel consumption. However, the combustion
duration is typically increased due to the lowered flame speeds. Lowered flame speeds
have a profound effect on increasing the cycle-to-cycle variations [32,35,36], which
essentially limits the amounts of excess air. However, to counter this phenomenon to
increase efficiency, enhanced in-cylinder motion can increase turbulence levels which
assist in the mixing of the charge, increasing the homogeneity, and possibly increase the
flame speeds.

2.3

Enhanced Swirl Motion in SI Engines
In-cylinder turbulence plays a major role in increasing the flame speed during

combustion in an engine. In addition, large scale air motion generated from the intake
port geometry during the induction stroke increases the level of turbulence during the
compression stroke. The turbulence present during ignition can assist in shortening the
flame kernel development time and can increase the flame speed, consequently
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shortening the combustion duration. This is advantageous for the thermal efficiency since
a greater amount of heat can be released in a shorter period of time thereby increasing the
work output of the cycle.
Whitelaw et al. [38] investigated the cyclic variations in a single cylinder research
engine under lean-burn conditions with and without swirl. The optical engine provided
access for LDV measurements to be made while the engine was motored to produce the
high speed imaging of the air flow during operation. It was found that the turbulence
intensity and mean flame speed were higher with swirl which resulted in an increased
burning rate and higher in-cylinder pressures. The addition of swirl showed a decrease in
the cycle-to-cycle variations in both load conditions. Overall, it was found that the
combustion duration was reduced by 10-16% in the equivalence ratio range of 0.61 to
0.9, and the combustion stability was improved with swirl.
Matsuki et al. [39] explored the effect of swirl in a prototype lean-burn, fourcylinder engine for the improvement of fuel economy at low to medium engine loads. A
lean mixture of λ = 1.7 was achieved with a swirl ratio of 2.5. This engine configuration
was able to generate an approximate 40% increase in power output over the prior leanburn model.
Hill et al. [37] also published a review on the effects of rotating flow on
combustion in premixed spark ignition engines including the potential benefits of swirl. It
is reported that swirl assists in increasing the turbulence intensity which increases the
flame propagation speed and can result in a reduced burning duration and increased
thermal efficiency, especially for combustion of lean mixtures.
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2.4

Chapter Summary
The literature review highlighted the effect of dilution on combustion and

discussed the positive effects on increasing the thermal efficiency and lowering engineout emissions. The issues associated with both EGR and lean-burn combustion were
presented, which included longer combustion duration as a result of lower flame speeds,
increased cycle-to-cycle variations, and limitations on the amount of dilution before
misfire is encountered. In addition, the advantages of lean-burn over the application of
EGR were also addressed.

The in-cylinder swirl charge air motion can assist in

combatting some of these issues by increasing the mixing and turbulence. As a result, the
objective for this research work was to investigate the effect of swirl on diluted
combustion and investigate the effects on efficiency and emissions. The research
equipment used for achieving this objective is presented in the following chapter.
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CHAPTER 3: RESEARCH TOOLS
The research tools used in this study are described in this chapter. Details are
provided for the flow bench system, the CFD simulation parameters, and the set-up of the
engine test platform. These details, including the schematic diagrams of the equipment,
include sensors and physical measurement devices. Further details are given in
Appendices B-C for the in-house fabricated equipment. The descriptions of the research
tools are given in the order in which they were applied to this research.

3.1 Steady State Air Flow Bench
All of the swirl measurements were conducted on an in-house designed and
fabricated steady flow test bench. A schematic diagram of the flow bench test set-up is
shown in Figure 3-1. The air flow is generated by four commercially available blower
motors (Ametek Lamb 115923) which are powered by 120 V AC. Each blower has an
independent power switch that enables the flexibility to set the desired amount of air flow
by turning on a specific number of blowers. Details outlining the air box design and
fabrication are shown in Appendix B. The air box is designed in such a way that it can
create either a negative or positive pressure flow by physically rotating the air box and
reversing the connections. In this way, both the intake and exhaust ports on an engine
cylinder head could be tested and evaluated. However, only the intake port was of
concern for this research, and the air box was only used to generate positive pressure
flow.

29

CHAPTER 3: RESEARCH TOOLS

Differential Pressure
Sensors

Air Box –
4 Blower Motors

Air Bleed
Valve

Capacitive
Encoder
Vane Type
Swirl Meter

Upstream
Pressure
Sensor, P1

Electronic
Throttle
Body

Orifice Plate

Removable
Insert
Section

Valve Lift
Adjustment
Dial
Indicator

Figure 3-1: Schematic Diagram of Experimental Flow Bench Setup1

1

Drawing is not to scale

30

Cylinder
Head

CHAPTER 3: RESEARCH TOOLS

The flow rate of the air generated from the air box was measured by an orifice
flow meter. The sharp-edge orifice flow meter was designed and manufactured according
to ISO 5167-1:2003 standards [41]. Details outlining the geometric dimensions of the
orifice flow meter are provided in Table 3-1. The pressure difference across the orifice
plate was measured and recorded using an NXP USA MXPV7025 digital differential
pressure sensor. A U-tube manometer, which was filled with water with added colour
dye, was utilized to provide a reference measurement in addition to the readings obtained
from the differential pressure sensors. A correlation between both of the measurements
was created to obtain a calibration function (details in Appendix A). An Ametek
SPT0100X140 (0-100 psi) pressure transducer was incorporated in the upstream piping to
indicate the upstream pressure of the orifice plate (p1). This upstream pressure was
required for the iterative calculation of the mass flow rate. A 28 mm orifice plate was
inserted in the orifice flow meter due to its suitability to produce a desired range of
pressure differences across the orifice, with a relatively high resolution with low pressure
differences. The flow was directed to the intake port via a fabricated intake manifold
which was attached to the cylinder head from a Yanmar NFD170 engine. The internal
shape of the manifold was designed to transition from the circular cross-section of the
pipe to the rectangular cross-section of the original intake port of the cylinder head.
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Table 3-1: Orifice Flow Meter Specifications
Description
Inside Diameter
Upstream Length
Downstream Length
Pressure Tapping – Distance Upstream from Orifice
Pressure Tapping – Distance Downstream from Orifice

Unit
mm
mm
mm
mm
mm

Value
55.8
781.2
390.6
55.8
27.9

An additional differential pressure sensor was used to measure and record the
pressure difference across the intake port. In this thesis, the pressure difference across the
intake port is referred to as the test pressure. To the best of the author’s knowledge, there
is no global industry standard regarding the operating test pressure for such flow bench
tests. However, it is understood that the pressure must be sufficient to produce turbulent
flow (with a Reynolds number greater than 4000). This is required to replicate the
induction of turbulent gas flow into the cylinder during the intake stroke in an operating
engine [22,29].
The stock valve springs were replaced with soft springs. This was done to ease the
effort required to depress the valve during steady flow tests. The retainers and keepers
were utilized on the setup to ensure that the flow would not affect the valve lift. The
intake valve lift was varied using a fine threaded bolt and a fixture to depress the valve
and soft spring. The amount of valve lift was measured using a dial indicator, which was
fixed into position on the fixture, with the plunger in contact with the head of the bolt.
The resolution of the dial indicator was 0.001 inches or 0.0254 mm. The valve lift was
varied at 0.5 mm increments. This resolution was deemed suitable for identifying trends
in the swirl speeds and flow performance.
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An acrylic cylinder, 4 inches or 101.6 mm inside diameter, was used as a
surrogate that replaced the engine cylinder. The length of the cylinder and vertical
positioning of the swirl meter was determined by calculating the time between the
maximum intake valve lift and when the piston reaches TDC on the compression stroke.
The equivalent length of the acrylic cylinder and axial position of the swirl meter were
determined by calculating the time between the maximum intake valve lift and the piston
reaching TDC on the compression stroke to the time required for a particle of air, during
steady flow tests, to pass from the intake valve to the measurement location. The
equivalent length of the cylinder was used to represent the equivalent time that the swirl
would be affected by the skin friction from the cylinder wall [22]. This calculation
resulted in a distance of 120 mm (1.18 times the cylinder bore).
An electronic throttle body was placed upstream of the air box to control the
overall flow in the system. The throttle plate position was controlled by a LabVIEW 2010
based control program which was developed in-house. In addition to the throttle body,
additional flow range adjustments were made via a ball valve placed upstream of the
orifice plate in the orifice flow meter. This valve acted as an air bleeder, creating an
alternative pathway for upstream air to exhaust to the ambient and allowed finer
resolution adjustments to be made.

3.1.1

Swirl Meter
The device used to measure the speed of the rotational flow was an in-house built

vane-type swirl meter. This type of swirl meter has been commonly used for the
measurement of swirl in steady flow test benches and in engines for some time, as early
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as 1934 [1, 15,17-21]. According to the literature, the vane-type swirl meter has also been
placed inside the combustion chamber and implemented for the indication of the swirl
speed during the motoring of a diesel engine [17].
Although commonly used, there is no well-established standard for the design
parameters of the geometry of the blade of the swirl meter. The geometry of the blade
and the design of the swirl meter used for this work is presented in Appendix D. A photo
of the swirl meter is shown in Figure 3-2.
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Groove for
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Figure 3-2: In-house Fabricated Vane-Type Swirl Meter

The components of the swirl meter were made from aluminum in comparison to
steel, to reduce the inertia incurred during rotation of the device, which increases the
accuracy of the swirl measurements. A CUI Inc AMT102-V capacitive encoder was
mounted to the base of the swirl meter to determine the rotational speed of the vane. The
encoder has an adjustable resolution from 48 ‒ 2048 pulses per revolution when the
rotational speed is below 75000 rpm. The negative or positive index signal feedback
indicated the clockwise or counter clockwise direction of rotation respectively. The shaft
was attached to the blade via a press fit pin. The shaft is supported by an NICE 1602-
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DCTNTG18 ball bearing. In an effort to reduce friction in the bearing itself, between the
inner and outer races, the dust shields of the bearing were removed. A groove, the same
outer diameter and thickness as the acrylic cylinder, was machined in both the base plate
of the swirl meter and cylinder head. This assisted in accurately locating the swirl meter
on the acrylic cylinder and cylinder on the cylinder head in order to ensure that they were
concentric.

3.1.2

Data Acquisition
The feedback electronic signals acquired from the pressure sensors, position

sensor on the throttle body, and encoder were sampled by a National Instruments (NI)
PCI-6229 Data Acquisition (DAQ) card. The flow was deemed to be steady when the
real-time readings from the pressure sensors were stable. The in-house developed
LabVIEW program was also used to record 500 data samples of the encoder signal
through the DAQ card once the air flow was steady. The arithmetic mean of the sampled
data is calculated and used to obtain the average swirl speed at each valve lift. The
readings obtained from the pressure sensors are averaged in a similar manner.

3.2 Numerical Simulation
The numerical simulations were performed using ConvergeTM Computational
Fluid Dynamics (CFD) software. The software uses automatic grid meshing and user
defined grid refinement features to increase the resolution and accuracy of the fluid
velocity domains. CEI Ensight 10.1 was used for the post processing of the numerical
results to provide visualization of the fluid motion.
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Since the author does not have access to the original CAD design of the cylinder
head and intake port, a polyurethane foam mold has been casted to duplicate the internal
geometry of the intake port. The foam mold was made from Foam-iT® 5 series which is
a two-part expandable foam. Due to the fact that the port is helically shaped, it was
necessary to select a flexible mold in order for it to be retrieved without destruction. The
mold was scanned using a three-dimensional scanner made by NextEngine at the
University of Windsor, and a digital surface file was produced. This process was done to
obtain a geometrically accurate model for the later simulations. Figure 3-3 below shows
the molded geometry of the intake port (left) and the scanned model of the intake port
(right).

Figure 3-3: Molded and Scanned Intake Port Geometry

A model of the steady flow test bench was constructed for the CFD simulations.
The model includes the intake manifold, upstream piping of the intake manifold, intake
port geometry, cylinder head deck surface, intake and exhaust valves, as well as the
cylinder. The mass flow rates recorded during the flow bench tests were used as inputs
for the simulations. Similar to the test conditions, the valve lift in the numerical
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simulations were set from 0.5 to 10.5 mm in 0.5 mm increments for a total of 21 different
cases and deemed suitable for identifying trends in the swirl speed.
The numerical model had a base grid mesh consisting of 4 mm edge cubes to
decrease the total simulation time. The grid was later refined in three steps during the
simulation in defined areas to increase the resolution of the velocity and other parameters
such as angular momentum, and moment of inertia by utilizing the fixed embedding
feature. The simulation time was set to 15,000 seconds, which was determined through
trials, for the flow to reach a steady state apparent by the convergence of the mass flow
rate. The first 2,000 seconds of the simulation had a grid count of 2,000 cells which was
then scaled for the next 1,000 seconds to 270,000 cells. From 3,000 to 7,000 seconds, the
grid was scaled again producing a total of approximately 2 million cells. The final
embedding occurred at 7,000 seconds where the total cell count was approximately 3.18
million. Figure 3-4 shows the complete numerical model and the boundaries. The areas
where the mesh refinement was applied to are outlined in Figure 3-5. The coordinate
system of the numerical model is orientated such that the center of the cylinder is x = 0
and y = 0; the top of the cylinder head, when looking from the open end of the cylinder,
is z = 0 as depicted in Figure 3-4.
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Figure 3-5: Numerical Model with Mesh Refinement Regions
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The velocities in the valve lip area are, at times, larger than Mach 0.3 [16]. A
density-based steady solver was used since this solver was recommended for flow
simulations that experience Mach numbers greater than 0.3 [42]. The pressure-based
solver is more efficient than the density-based solver when the Mach number is less than
0.3 [42].
A renormalized group theory (RNG) k-ε model was used to simulate the
turbulence. This model is a two-transport-equation model which solves for the kinetic
energy k and the turbulent dissipation ε. The RNG k-ε model differs from the original k-ε
model in that it accounts for smaller scales of motion [43]. Also, this turbulence model is
recommended for IC engine simulations when using ConvergeTM [42]. Another factor
contributing to the selection of the turbulence model was the available computing time
and computing power.

3.3 Engine Test Set-up
The engine tests were carried out on a Yanmar NFD170 which is a four-stroke,
single-cylinder, two-valve, direct-injection, stationary diesel engine. A Gurley optical
encoder is mounted to the crankshaft and provides the information of the angular position
of the crankshaft with a resolution up to 0.1°.
The engine has been modified to operate with gasoline port fuel injection and
spark ignition. The original piston has been changed to lower the compression ratio for
the spark ignition research. The engine was coupled to a General Electric DC motoring
dynamometer, model: 26G215. The engine specifications are given in Table 3-2, and a
schematic diagram is provided in Figure 3-6. In order to simulate boost, clean and dry
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intake air was supplied from an oil-free compressor with desiccant filters. The air supply
pressure was controlled by an electronic pressure regulator. A gate valve, placed
upstream of the engine intake manifold, was used to throttle the intake air. The fuel
injection duration, fuel injection timing, spark duration, and spark timing were controlled
through a National Instruments (NI) Real Time – Field programmable Gate Array (RTFPGA) controller. Further details of the subsystems of the test setup are given in the
following sections.

Table 3-2: Engine Specifications of Yanmar Engine
Engine Parameter
Displacement
Bore
Stroke
Connecting Rod Length
Compression Ratio
Intake Valve Closing (IVC)
Exhaust Valve Opening (EVO)
Combustion System
Fuel Injection System
Injection Pressure

Unit
[L]
[mm]
[mm]
[mm]
[-]
[CAD]
[CAD]
[-]
[-]
[Bar]

Value
0.857
102
105
165
13.1:1
-135°ATDC
45°BBDC
Port Fuel Injection
External Pump
4
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Figure 3-6: Schematic Diagram of the Single Cylinder Engine Used for Engine Test
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3.3.1

Intake Air System
A new intake manifold was fabricated in-house to incorporate the port fuel

injector. The fuel injector, a Bosch BR3E-E5A 36lb/hr, was placed at an inclined angle
on the intake manifold to reduce the amount of liquid fuel impingement on the bottom of
the intake port. The intake pressure was recorded using a Kistler piezoresistive pressure
transducer, model: 4075A10. The recorded intake pressure was utilized for the pressure
pegging of the in-cylinder pressure curve during the post data processing. The intake
manifold had a removable insert holder section where different inserts, of various
geometries, could be placed inside to modify the intake flow. The insert holder section is
shown in Figure 3-7. Two V-band clamps were used to attach and seal the section with
the intake manifold. The intake mass air flow measurement was recorded via a roots style
air flow meter, (model 5M175) manufactured by ROOTS. The different levels of charge
dilution were produced by changing the opening of the intake throttle valve while
maintaining the same fuel flow rate and injection duration.
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Figure 3-7: Removable Insert Location and Attachment

A patented three pole igniter is used to ignite the charge. More information
regarding the three-pole igniter can be found in [27]. The igniter was mounted centrally
on the engine cylinder head at the location where the former DI injector was located.

3.3.2

Fuel System
The fuelling system for the single cylinder test engine is shown in Figure 3-8. The

fuel was supplied from an external fuel cell unit using a low-pressure in-line fuel pump.
The fuel was pressurized to 4 bar and maintained at this pressure during the engine tests.
The excess fuel was pumped through a heat exchanger before it was returned to the fuel
tank to control the temperature of fuel and remove any heat added by the pump. After the
pressure regulator, the fuel was plumbed through a 5 μm fuel filter to remove impurities.
After the filter, the fuel was pumped to the injector via a flexible braided stainless steel
line. A piston-type fuel flow meter (Ono Sokki FP-213) was used to determine the fuel
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flow rate during the experiments so adjustments could be made to obtain the desired fuel
flow rate. The fuel used for the engine tests was gasoline with a pump octane number of
89.

Vent

Fuel Cell
Fuel Filter
5 μm
Fuel Pump

Pressure
Regulator

Heat
Exchanger

Thermocouple

Fuel Line
to Injector

Figure 3-8: External Fuel Supply System for the Engine Tests

3.3.3

Cylinder Pressure Acquisition and Processing
The in-cylinder pressure was recorded for 200 consecutive engine cycles at each

operating condition. The purpose of averaging 200 consecutive cycles was to ensure, with
a 99.9% confidence interval limit, that the population mean differed from the sample
mean by no more than 3% [46,47]. The pressure sensor for in-cylinder pressure recording
was a piezo-electric pressure transducer from Kistler, model 6043A60. The signal from
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the pressure transducer was sent to a Kistler charge amplifier, model 5010B, for the
conditioning of the signal. The conditioned pressure signal was recorded by both a NI
DAQ (PCI-6229) and a NI PXI RT-FPGA setup. More information regarding the singlecylinder engine set-up can be found in [26].

3.3.4

Emission Analyzers
The intake gases were sampled downstream of the EGR loop and the exhaust

gasses were sampled upstream of the EGR loop, shown in the schematic diagram in
Figure 3-6. The gases were supplied to different emission analyzers to determine the
composition of the gas mixture. A gas conditioning unit was installed prior to the
emission analyzers for the purpose of removing water from the sampling line via a
chiller. A paper filter was installed which removed any solid particulates from the
sampled gas. A list of the emission analyzers and their respective model numbers is
provided in Table 3-3.
The intake sample gas was plumbed to a Non-Dispersive Infra-Red (NDIR) and
Paramagnetic Oxygen analyzer for the measurement of carbon dioxide and oxygen
respectively. The applied EGR ratio was determined by the measurements of O2 and CO2
from the intake gas sampling. The exhaust gasses were also routed to another NDIRParamagnetic analyzer unit to determine the O2, CO2, and CO concentrations to separate
it from the intake gases. A Chemiluminescence detector was used to measure the NOx
emissions. The Hydrocarbon emissions were measured by a Heated Flame Ionization
Detector (FID). Figure 3-9 shows the dual bank CAI emission analyzers. A Ford Motor
Company oxygen sensor, model 8F9A-9Y460, was placed in the exhaust manifold
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downstream of the exhaust valve. The oxygen sensor was used mainly as an indicator of
the in-cylinder air-to-fuel ratio during the experiments. The air-fuel ratios were later
calculated based on the mass air flow and fuel flow rates.

Table 3-3: Emission Analyzer System Details
Measurement Type

Species

Range

Non-Dispersive Infra-Red
(NDIR)

CO2

0-2% & 0-10%

O2
NOx

0-25%
0-3000 ppmV

CAI 600 HCLD

THC

0-3000 ppmV

CAI 300M-HFID

Chemiluminescence
Heated Flame Ionization
Detector

Intake Emission Bank

Model
CAI 602P

Exhaust Emission Bank

Figure 3-9: Intake and Exhaust Emission Analyzer Bank for Emission Measurement
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In this chapter, the steady flow bench tests performed with the cylinder head are

described. The purpose of these tests was to obtain a baseline measurement of the flow
characteristics of the stock cylinder head. In addition, the non-dimensional flow
parameters are introduced and defined in this chapter, which were then used for the
evaluation of the flow performance. The experimental data collected during these tests
were thereafter used as boundary inputs for the CFD model in Chapter 5. Finally, the
baseline intake generated swirl ratio was determined.

4.1 Introduction
To obtain the baseline intake flow parameters of the engine cylinder head, tests
were conducted on the steady flow bench discussed in section 3.1. The flow inside of the
intake port of an engine in operation had been measured in previous studies and was
found to be fully developed turbulent flow [29]. Therefore, to obtain the intake flow
parameters that were relatable to an engine in operation, the flow rate during flow bench
tests must be set to ensure that fully developed turbulent flow is present. This was
verified by calculating the Reynolds number of the flow in the intake port, valve, and
cylinder. Turbulent flow produces a Reynolds number of greater than 4000. The
Reynolds number was calculated using Equation 4.1:

𝑅𝑒 =

𝜌𝑉𝑑
𝜇
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where ρ is the air density [kg/m3], V is the average flow velocity [m/s], d is the diameter
of the pipe [m], and μ is the dynamic viscosity [kg/m∙s].

In order to test the cylinder head on the flow bench, the maximum intake valve lift
must be known. For this reason, the intake and exhaust cam profiles were measured on
the engine. The valve cover was removed, and a dial indicator was placed in line with the
push rod in contact with the rocker arm. The engine was rotated while the signal from the
encoder (resolution of 0.01° CA) indicated the relative crank position. The intake and
exhaust profiles that were measured are shown in Figure 4-1.
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Figure 4-1: Measured Intake and Exhaust Valve Lift Profiles
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The maximum valve lift measured was 10.46 mm, and therefore, the largest valve
lift set on the flow bench was 10.5 mm. The measured intake and exhaust camshaft
specifications are listed in Table 4-1.

Table 4-1: Measured Intake and Exhaust Valve Specifications
Event
Intake Valve Opening IVO
Intake Valve Closing IVC
Intake Valve Duration
Exhaust Valve Opening EVO
Exhaust Valve Closing IVC
Exhaust Valve Duration
Valve Overlap

4.1.1

Unit
° BTDC
° ATDC
° CA
° BBDC
° ATDC
° CA
° CA

Value
10
225
235
45
14
235
24

Non-Dimensional Flow Parameters
The intake flow performance of an engine can be characterized by non-

dimensional parameters [29]. In this way, different geometries such as the intake port
shape, valve lift, and intake systems, can be compared irrespective of their actual sizes.
The flow coefficient, Cf, is a measure of the intake port flow efficiency. It is a
ratio of the experimentally measured mass flow rate to a theoretical maximum amount of
air flow rate if the air is assumed incompressible. The equation used to calculate the flow
coefficient is shown below in (4.2).

𝐶𝑓 =

ṁ
𝜌 𝐴𝑡 𝑉𝐵
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where ṁ is the experimentally measured mass flow rate, ρ is the air density [kg/m3], At is
the simplified cross-sectional area of the valve throat [m2] shown in Figure 4-2 [29], and
VB is the Bernoulli velocity [m/s] and is shown in (4.3):

2 𝛥𝑝
𝑉𝐵 = √
𝜌

(4.3)

where Δp is the pressure difference [Pa] across the intake port.

The flow coefficient utilizes that valve throat area as the reference. The flow coefficient
will increase as the valve lift is increased and reflects the restrictions by the intake port
geometry [1,29].
The discharge coefficient, Cd, is defined similarly as the flow coefficient except
that it reflects the restriction to flow at low valve lifts. This is due to the valve curtain
area used in the equation.

𝐶𝑑 =

ṁ
𝜌 𝐴𝑐 𝑉𝐵

(4.4)

where VB is the Bernoulli velocity [m/s] in Equation 4.3, Ac is the valve curtain area [m2]
and is calculated by Equation 4.5:

𝐴𝑐 = 𝜋 𝑑 𝑙

where d is the valve throat diameter [m] and l is the valve lift [m].
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The representative areas are illustrated below in Figure 4-2.

𝐴𝑡 =

𝜋 2
𝑑
4

𝐴𝑐 = 𝜋 𝑑 𝑙

Figure 4-2: Areas for the Calculation of Flow & Discharge Coefficients

Another non-dimensional flow parameter commonly used for the characterization
of the swirl is the swirl coefficient [4-6]. The swirl coefficient is defined as a ratio of the
angular momentum of the rotating flow to the axial momentum in the cylinder assuming
solid body flow [15,29]. The swirl coefficient, Cs, used for vane-type swirl meters is
defined in Equation 4-6:

𝐶𝑠 =

𝜔𝐵
𝑉𝐵

(4.6)

where B is the cylinder bore [m], and 𝜔 is the rotational speed of the swirl meter [rads/s].

These non-dimensional parameters were used to calculate the overall intake
generated swirl ratio, Rs. The intake generated swirl ratio is a single parameter which is a
measure of the total angular momentum flux and takes into account the flow and swirl
coefficients at each valve lift [14,15,29]. The swirl ratio is a much needed parameter for
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the characterization of the ability to produce swirl motion in an engine. Equation 4.7 was
used for the calculation of the swirl ratio. This swirl ratio definition has been used
previously by Ricardo [29].
𝛼

𝐼𝑉𝐶
𝐵 𝑆 ∫𝛼𝐼𝑉𝑂 𝐶𝑓 𝐶𝑠 𝑑𝛼
𝑅𝑠 = 2
2
𝛼
𝐷
[∫𝛼 𝐼𝑉𝐶 𝐶𝑓 𝑑𝛼]
𝐼𝑉𝑂

(4.7)

Where B and S are the bore and stroke respectively [m], D is the valve inner seat diameter
[m], α is the crank angle while the subscripts, IVO and IVC, refer to the opening and
closing of the intake valve respectively [rad].

4.2 Steady Flow Baseline Measurements
The flow testing for the baseline measurement of the cylinder head was conducted
under a test pressure of 10 inches of water gauge (2.48 kPa gauge). This test pressure was
selected due to the lowered demand on the blower motors; only two were required to be
turned on until larger valve lifts were reached. The valve lift was varied from 0.5 mm to
10.5 mm in 0.5 mm increments totaling 21 data points for each test. A total of five
different tests were conducted to investigate the repeatability and also to obtain an
average of all values measured.
The mass flow rate was calculated directly from the recording of the pressure
difference across the orifice plate and the upstream pressure. Figure 4-3 presents the mass
flow rate results of the five different steady flow tests conducted. The figure shows that
the mass flow rates were similar for all five tests. The mass flow rate increased as the
valve lift was increased; however, the trend is not linear. At a valve lift of 5 mm, the
slope starts to decrease. For further increases in valve lift up to 9 mm, there was a
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noticeable increase in the mass flow rate. However, no substantial increase in the mass
flow rate was noticed for a valve lift beyond 9.5 mm. This could be due to the change in
the flow area. At 9.5 mm valve lift, the valve curtain area was the same as the valve
throat area.
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Figure 4-3: Mass Flow Rates of Baseline Steady Flow Test

The flow through the intake port was limited by the valve lift and corresponding
valve curtain area until such valve lift when the valve curtain area was greater than the
valve throat area. At this point the throat area was the restrictor and no further increases
in valve lift had a major increase in the mass flow rate. This transition position of valve
lift defines the full valve opening. The mean values of the mass flow rate, calculated from
the five sets of tests, are shown in Figure 4-4.
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Figure 4-4: Average Mass Flow Rate of Baseline Measurement

The flow coefficient is calculated from the average mass flow rate at each valve
lift. The flow coefficient results are displayed in Figure 4-5 from the five tests. As
mentioned above, the flow coefficient reflects the flow performance at larger valve lifts
due to the reference flow area that was used in the calculation. For all five tests, there
were minimal variations in the flow coefficient at each valve lift. The largest deviations
occurred only at lower valve lifts. The average of the flow coefficient at each valve lift
was calculated along with the standard deviation. This is shown in Figure 4-6 with the
standard deviation indicated by the error bars.
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Figure 4-5: Flow Coefficients from Five Baseline Measurements
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Figure 4-6: Average Flow Coefficients from Baseline Measurement
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The standard deviation in the flow coefficient at small valve lifts, up to 1mm, was
of the same order as the calculated flow coefficient. However, for large valve lifts, the
standard deviation was two to three orders of magnitude lower than the measured values.
This indicated that the results had acceptable consistency.
The average values of the discharge coefficients from the five tests are presented
in Figure 4-7. The resultant profile of the discharge coefficient is not as smooth as the
flow coefficient. The profile begins with an abrupt decrease from 0.5 to 1 mm of valve
lift. From 1 to 2 mm, the values decrease in a linear fashion until another sudden change
in the slope at 2 mm occurs, and continues with a gradual decrease. It was noticed that
the value of the discharge coefficient at 0.5 mm of valve lift was quite large (0.98). This
could be caused by pressure waves formed at the valve lips in the intake port at small
valve lift [50]. The large flow efficiency is also attributed to the helical design of the
intake port which has a larger peripheral flow path than a typical straight intake port and
typically, larger discharge coefficients are produced [1,16]. Beyond 4 mm of valve lift,
the discharge coefficient decreased almost linearly. The decrease in the discharge
coefficient was caused by the increase in the flow area that was used to calculate it. As
the valve lift was increased, the valve curtain area became less restrictive than the port
throat area.
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Figure 4-7: Average Values of Discharge Coefficient from Baseline Measurements

The Reynolds number was calculated to ensure that the flows in the port (REport),
valve throat (Revalve), and cylinder (Recyl) areas were turbulent. As mentioned earlier, no
universal industrial standard exists for the test pressure across the intake port, although it
is universally acknowledged that the flow must be turbulent in order to correlate the nondimensional flow parameters (measured on the flow bench) to actual engine operation
[29].
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Figure 4-8: Reynolds Number in Different Flow Areas from Baseline Measurements

As illustrated in Figure 4-8, the calculated Reynolds number in the different
respective flow areas are above 4,000. This indicated that fully developed turbulence
existed in the valve, intake port, and cylinder flows, which confirmed that the test
pressure of approximately 10 in H2O was sufficient for the flow bench tests.
The recorded average swirl meter speed with varying valve lift is shown in Figure
4-9. The swirl speed is required for the calculation of the swirl coefficient (Cs) and the
overall intake generated swirl ratio (Rs) given by Equations 4.6 and 4.7 respectively.
The swirl meter rotated in a counter clockwise direction when observed through
the open end of the cylinder, and remained rotating in the same direction at each different
valve lift. This orientation is defined as the positive vector direction throughout this
work.
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Figure 4-9: Average Swirl Speed from Baseline Measurement

The swirl speed increased in a linear manner as the valve lift was increased. This
was attributed to the helical geometry of the intake port which shaped the rotational
motion of the charge before the charge entered the cylinder. In the low valve lift range,
0.5 and 1 mm, the measured swirl speed was relatively low due to the small area
available for the flow into the cylinder. Also, due to the low mass flow rates at these
valve lifts, the measurement of the swirl made by the vane-type swirl meter may have
some disadvantages. It has been found that the measurement with vane type swirl meter
may under predict the swirl at low flow rates due to the air slip occurring on the blade,
friction in the bearing and inertial effects [15]. However, as the valve lift increased and
the flow area increased, the swirl speed increased in a linear fashion.
The swirl coefficient, defined by Equation 4-6, was calculated at each valve lift
and is presented in Figure 4-10.
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Figure 4-10: Average Swirl Coefficient from Baseline Measurements

The swirl coefficient showed the same trend as the measured swirl speed since it
is merely a ratio of the angular momentum to the axial momentum. The swirl ratio (Rs),
defined by Equation 4.7, was calculated to obtain a baseline reference of the overall
intake generated swirl. The equation was integrated numerically using a Matlab Code.
The calculated global swirl ratio for the baseline measurements was 1.34.

4.3 Chapter Summary for Baseline Steady Flow Results
Baseline steady flow measurements of the cylinder head were conducted on the
steady flow test bench. The flow parameters, defined at the beginning of the chapter,
were used for the evaluation. A series of five tests were conducted to obtain average
values. A swirl ratio of Rs = 1.34 was obtained from the baseline results.
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CHAPTER 5: ENHANCEMENT OF SWIRL MOTION
The results of the numerical simulation are presented in this chapter. The baseline
measurements presented in Chapter 4, are compared with the CFD simulation results to
determine whether the model is acceptable to represent the characteristics of the flow in
the cylinder during induction. The angular momentum, which is defined later in this
chapter by Equation 5.1, was determined at the same location where the swirl meter was
positioned. After the CFD model was tuned, different insert geometries for the intake
manifold were simulated to predict a possible increase in the angular momentum/swirl
speed.
The insert which was produced the largest increase in the swirl speed was
fabricated and tested on the flow bench. The flow parameters of the baseline case were
compared with the insert.

5.1 Introduction
The CFD simulations were conducted using Convergence CFD Simulation Suite
developed by Convergence Science [42]. The geometric boundary of the intake port was
generated by a 3D scanned mold. The model replicated the experimental flow bench
setup, with a tubular section placed before the cylinder head as the inlet, and the opposing
end of the cylinder as the outflow boundary layer (Figure 3-4). The results from the
experimental flow bench tests, mainly the mass flow rate and pressures, were used as
inputs for the inflow and outflow boundaries. The experiments were conducted at room
temperature therefore, the input temperature was assumed to be 300 K for all cases. The
numerical simulations were conducted from a valve lift of 0.5 to 10.5 mm in increments

61

CHAPTER 5: ENHANCEMENT OF SWIRL MOTION

of 0.5 mm. The purpose was to develop a tuned model which could match the empirical
results from the flow bench. This model was then used to predict the swirl production
capabilities of different inserts of different geometries placed upstream of the intake port.

5.2 Numerical Model Validation
The mass flow rates measured at each valve lift during the steady flow bench tests
were used for the inlet boundary conditions in the numerical model. The output of the
Converge simulation was analyzed using the post-processing software, CEI Ensight 10.1.
The data for each individual cell within the swirl measurement region, indicated in Figure
3-4, was extracted and used for the calculation of the swirl speed. To calculate the swirl
speed, the angular momentum about the z-axis of all the cells contained within the swirl
measurement region was obtained using Equation 5.1 [42, 43]:

𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠

𝐿𝑧 =

∑

𝜌𝑛 𝑉𝑛 [(𝑥𝑛 − 𝑥𝑐 )𝑣𝑛 − (𝑦𝑛 − 𝑦𝑐 )𝑢𝑛 ]

(5.1)

𝑛=1

where 𝜌𝑛 is the density, 𝑉𝑛 is the volume, 𝑥𝑛 and 𝑦𝑛 are the x- and y-coordinates of each
cell respectively, 𝑥𝑐 and 𝑦𝑐 are the coordinates of the center of mass, and 𝑣𝑛 and 𝑢𝑛 are
the x and y components of velocity.
The moment of inertia about the z-axis of each cell was then calculated using
Equation 5.2:

𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠

𝐼𝑧 =

∑

𝜌𝑛 𝑉𝑛 [(𝑥𝑛 − 𝑥𝑐 )2 + (𝑦𝑛 − 𝑦𝑐 )2 ]

𝑛=1
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Finally, the swirl speed was obtained by dividing Equations 5.1 by 5.2 [42,43].

𝜔𝑠𝑤𝑖𝑟𝑙 =

𝐿𝑧
𝐼𝑧

(5.3)

The swirl measurement location contained approximately 175,000 cubic cells of 1
mm edge length, and the whole model contained a total of approximately 3.2 million
cells. Figure 5-1 shows the volume of cells within the swirl measurement location used
for the swirl speed calculations which corresponds to the same physical location and
thickness where the swirl meter was positioned. This cell size was determined to be
sufficient, after trials, to represent the swirl speed accurately.
Swirl Measurement Region
~ 175,000 cells
3
Cell volume ~ 1 mm

X

Y
Z

Figure 5-1: Swirl Measurement Region
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The results of the numerically calculated swirl speed are shown compared with
the flow bench test results of the baseline measurement in Figure 5-2. The results of a
coarse grid (cubic cells of 8 mm edge length) are shown for comparison.
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Figure 5-2: Comparison of Numerical and Experimental Swirl Speed Results

The results from the model with the course grid over-predicted the swirl speed at
low to medium valve lifts (2–6 mm) and under-predicted the swirl speed at large valve
lifts (8-10.5 mm). The results of the refined grid model, which featured the increased
embedding, followed a very similar trend to the experimental results. The swirl speed at
low valve lifts was slightly higher than the experimental results. This could possibly be a
result of the losses associated with the vane-type swirl meter which include friction from
the bearing, air slip on the blade, and rotational inertia effects [15]. However, at larger
valve lifts, these losses may only have a minor effect on the overall swirl speed. As the
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valve lift increased, the difference in swirl speeds between the simulation and
experimental results decreased.
At the largest valve lift of 10.5 mm, the difference between the experimental and
numerical results with the increased embedding was only 7.3% compared to 21.6% for
the coarse grid results. Although the finer mesh produced a better result, the simulation
time increased by a factor of 14 compared to the coarse mesh, which made this
computationally expensive.
The flow and discharge coefficients were calculated for the increased embedding
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Figure 5-3: Comparison of Flow and Discharge Coefficients from Experimental and
Numerical Results
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The flow coefficient obtained from the numerical results matched the measured
results quite well from mid to high valve lifts. At low valve lifts, 0.5 to 4 mm, over
predictions were noticed in the flow coefficient. Similarly, larger differences were
noticed in the discharge coefficient at the same range of valve lifts (0.5 - 4 mm). At low
valve lifts, the flow velocity and structure are dependent upon the geometries of the
intake valve and the valve seat. This could be an indication that the geometries in the
model may not be completely accurate. Since much of the induction flow process consists
of valve lifts greater than 4mm, lower accuracy in this region was deemed to be
acceptable. The simulated results of the discharge coefficient matched the empirical
results well for valve lifts greater than 4 mm. Therefore, the model was considered
acceptable to be used for subsequent simulations to evaluate different intake manifold
inserts with the objective to increase the swirl speed.

5.3 Enhancement of Swirl Motion
The enhancement of swirl in a four-valve engine can be accomplished by
blocking one of the adjacent valves [21]. This allows the total amount of the intake flow
to enter one port and the air is ejected tangentially along the cylinder wall. However, this
method is not possible for engines with two valves (one intake and one exhaust valve).
This can be even more challenging if the intake port is helically shaped as the flow
structure is mainly dependent upon the port shape and positioning.
For these reasons, different designs of intake manifold inserts, placed just
upstream of the intake port entrance, are investigated numerically with the intention of
increasing the swirl speed and the overall swirl ratio. The inserts are designed in such a
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manner as to either increase the velocity or the angular momentum of the incoming air
before entering the intake port. Figure 5-4 shows the sketches of the different inserts
tested in the simulations.

Blockage Plate

Ramp

Offset Orifice

Helical Insert

Figure 5-4: Intake Pipe Insert Geometries Evaluated in Simulations

Both the blockage plate and the ramp inserts share a similar strategy to increase
the swirl speed. A portion of the flow area is blocked and more of the intake air can be
directed tangentially along the inside wall of the intake port thereby providing the air
more time to develop a vortex in the intake port. The offset orifice insert increases the
velocity of the air entering the intake port. The dependence of the radial positioning of
the offset orifice relative to the intake port is also investigated. The helical insert aims to
increase the rotational motion of the charge before entering the intake port, and increases
the velocity as well by creating a restriction. This design concept is similar to Schelkin
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spirals which are often used in shock tube experiments to increase the flame speed by the
generation of turbulence [48].
The swirl generation ability of the above-mentioned intake inserts are evaluated
through CFD simulations. The valve lift is set to 10.5 mm since this valve lift produced
the maximum swirl speed during the flow bench tests. The mass flow rate is also fixed
for all cases and set to the same value that was calculated for the experimental
measurements at a valve lift of 10.5 mm
The spatial mean tangential swirl velocity produced within the cylinder is
calculated using Equation 5-4. The tangential swirl velocity is calculated to investigate
the development of the swirl velocity within the entire cylinder.

𝑀𝑒𝑎𝑛 𝑇𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑆𝑤𝑖𝑟𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =

∑ 𝑉𝑖 𝐴𝑖
𝐴𝑇

(5.4)

where 𝑉𝑖 and 𝐴𝑖 are the tangential swirl velocity [m/s] and two-dimensional area [m2] of
each cell respectively and 𝐴𝑇 is the total two-dimensional area [m2] of the plane which
contained the cells.
The mean tangential swirl velocity is calculated at different axial planes starting
from the cylinder head surface to the swirl measurement region. These results are plotted
for the different intake manifold inserts as shown in Figure 5-5.
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Figure 5-5: Effect of Intake Geometry on the Production of In-Cylinder Swirl

From the results shown in Figure 5-5, it is clear that the helical insert produces the
largest swirl velocity above 75% of the stroke length and in the swirl measurement
region. The initial swirl velocity, produced by the blockage plate, is greater than all of the
other inserts. However, the swirl velocity begins to decay past 60% of the stroke length
and results in the lowest swirl speed in the measurement location. The ramp and offset
orifice designs also produce lower swirl speeds compared to the baseline case along the
cylinder axis.
The swirl angular velocity is determined in the region where the swirl meter
measurements were made for the baseline experimental tests. The angular velocity is
determined by the method described in Section 5.2 in which the angular momentum and
the inertia of each individual cell within the swirl measurement region is calculated. The
swirl angular speed of the different intake inserts is presented in Figure 5-6.
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Figure 5-6: Numerical Results of Swirl Speeds Produced by Different Intake Runner
Geometries

The results of the calculated swirl speed in the swirl measurement region follow
the same trend displayed in Figure 5-5. The blockage plate produces the lowest swirl
speed of all the different intake designs followed by the offset orifice and ramp design.
The helical insert produced the highest swirl speed, relative to the baseline, and increased
the swirl speed by approximately 10%.
Since the helical intake design showed the best ability to increase the swirl speed
in the CFD simulations, it was selected for manufacturing and testing on the flow bench.

5.4 Steady Flow Investigation of Insert
Based on the results from the simulations, the helical insert was selected for
manufacturing based on the prediction of increased the swirl speed. A picture of the
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helical insert, after manufacturing and before modifications were made to cut and welded
inside the intake tubing, is shown in Figure 5-7.

Figure 5-7: Helical Insert after Manufacturing

After the helical insert was set up on the flow bench, tests were conducted to
investigate whether an increase in the swirl ratio over the baseline could be obtained. The
effect of the radial orientation of the insert was investigated to determine the position that
generated the highest swirl. For these tests, the valve lift was set at 10.5 mm, since the
highest swirl speed was obtained at this lift. The mass flow rate was set at 49 g/s for all
the orientation tests. The insert was rotated by 90° for each different test. The physical
orientation, viewed from the intake manifold, and the swirl speed test results of the
different orientations are shown in Figure 5-8 and Figure 5-9 respectively.
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Figure 5-8: Rotational Orientation of Helical Insert
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Figure 5-9: Effect of Insert Rotational Position on Swirl Speed

The results of the swirl speed for the different rotational positions showed a fairly
strong dependence on the orientation with a maximum swirl observed at the 90° position.
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When the insert was positioned at 180°, the swirl speed dropped significantly by more
than 250 rpm, approximately 11%. The lowest swirl speed recorded occurred at the 360°
position producing a speed of 2040 rpm which was a reduction of 14% compared to the
maximum speed obtained at the 90° position. Thus, the helical insert was positioned at
the 90° orientation for the flow bench test for the measurement of swirl at each valve lift.
Figures 5-10 through Figure 5-13 show the comparison of the flow bench tests
with the helical insert and the baseline measurements. The flow data presented for the
insert are the average values from five different sets of test conducted, similar to the
baseline measurements. The mass flow rates from the flow bench tests were matched
since the intake air pressure on the engine test setup could be increased, accounting for
any flow losses that would be incurred using the insert. The flow bench test results of the
mass flow rate at each valve lift between the baseline and insert are shown in Figure
5-10.
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Figure 5-10: Comparison of Mass Flow Rates from Flow Bench Tests from
Baseline and Insert Measurements

It is shown, in figure 5-10, the average values of mass flow rate from the five sets
of tests at each valve lift were very similar to the baseline measured mass flow rate. The
largest differences occurred at 1 and 2 mm of valve lift with a higher mass flow rate for
the insert – 8.18% and 8.78% respectively over the baseline. The difference in mass flow
rate from 2.5 – 5 mm was less than 5% and from 5.5 – 10.5 mm was less than 1%.
The flow coefficient and discharge coefficient are shown in comparison with the
baseline values in Figure 5-11.
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Figure 5-11: Effect of Insert on Flow Characteristics

From the comparison of the flow coefficient, it was found that in the valve lift
range of 0.5 – 3 mm, there not much difference between the baseline and insert values.
This was due to the fact that, by definition the flow coefficient outlines the flow
performance at large valve lifts, therefore, the restriction of the insert may not be as
evident at low valve lifts [29]. For valve lifts greater than 3 mm, the restriction caused by
the insert lead to a reduction in the flow coefficient. At 10.5 mm, the reduction in the
flow coefficient was more than 16%. The discharge coefficient also reduced beginning
from 3 to 10.5 mm of valve lift. The insert introduced a restriction to flow and as a result,
the Cf and Cd were reduced. This is not as apparent at very low valve lifts, which suggests
that the restriction is mainly contributed to the low valve lift. Therefore, as the valve lift
was increased, the use of the insert leads to greater flow losses and the flow efficiency is
decreased.
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The effect of the insert on the swirl coefficient is shown in Figure 5-12. The swirl
coefficient, calculated from Equation 4.6, was compared with the baseline swirl value. It
can be seen that increases are present in the low, medium, and large valve lift ranges. The
insert provided modest improvements in the swirl coefficient throughout the entire valve
lift profile.
The effect of the insert geometry on the generated swirl speeds, obtained from the
swirl meter, is shown in Figure 5-13. The results showed large increases beginning at 5.5
mm up to the maximum valve lift. At 10.5 mm of valve lift, the swirl speed is increased
by 20%. There were negligible changes in the speeds form 2.5 – 5 mm of valve lift while
the swirl speed was significantly increased at 1.5 and 2 mm valve lift by 190% and 31%
respectively. Using Equation 4.7 and the flow data obtained from the insert, a swirl ratio
of 1.54 (Rs = 1.54) was calculated for the insert. The insert provided an increase of 15%
over the baseline swirl ratio.
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Figure 5-12: Effect of Insert on the Swirl Coefficient
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Figure 5-13: Effect of Insert on Measured Swirl Meter Speed
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5.5 Chapter Summary for Enhancement of Intake Generated Swirl
In this chapter, the results from the numerical model of the flow bench set-up
were compared with the experimental baseline results. The model which featured a
refined grid produced a closer agreement in the swirl speed trend to that of the
experimental results. In addition, the absolute differences in the swirl speed at each valve
lift were lower for the finer meshed model. This model was then used to evaluate
different intake insert designs numerically, to determine which design produced the
largest increase in the swirl speed. The helical insert design displayed the highest effect
of increased swirl speeds and was manufactured. The manufactured insert was evaluated
on the flow bench platform from five different tests at the same mass flow rates
calculated from the baseline measurements at the corresponding valve lifts. An increase
in the swirl speed and swirl coefficient was noticed while the flow and discharge
coefficients were reduced due to the geometrical restriction by the insert. A swirl ratio of
Rs = 1.34 was obtained from the baseline results. The swirl ratio obtained with the insert
was Rs = 1.54 which was an increase of approximately 15%. The following chapter
presents the results of the single cylinder engine tests carried out with and without the
insert attached to the intake manifold under lean-burn conditions.
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CHAPTER 6: ENGINE TEST RESULTS
This chapter presents the experimental tests conducted on the single cylinder
research engine. Baseline tests were performed without the insert. A lambda sweep was
performed during the engine tests, by increasing the dilution level with excess air. Engine
tests were also performed with the helical intake manifold insert. The mass flow rates of
air and fuelling rates were maintained constant. A spark timing sweep was conducted
with the onset of knock as the limitation of advancing and the exhaust temperature as the
limitation on spark retarding. A comparison of the engine test results was made, more
specifically analyzing the exhaust emissions and indicated thermal efficiencies.

6.1 Low Load Engine Test Results with Enhanced Swirl
Engine tests were conducted at 3 bar and 6 bar IMEP, which will be defined as
the low load and the high load respectively throughout this thesis. The low load engine
tests, with and without the insert, were conducted on the same day. The mass air flow rate
and fuel amount were fixed while the spark timing was advanced and retarded to find the
optimal timing which produced the maximum break torque (MBT). The limitation on the
spark timing advancement was engine knock, whereas the spark timing retardation was
ceased when a substantial drop was noticed in the IMEP as well as high COVIMEP and HC
emissions indicating incomplete combustion. The conditions for the low load engine tests
are shown in Table 6-1. The mass air flow and fueling rate were held constant, as shown
in Figure 6-1, for the low load engine tests.
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Table 6-1: Low Load Engine Test Conditions
IMEP
Engine Speed
Start of Injection
Spark Timing
Ignition Charging Duration
Lambda
Fuel Injection Type
Combustion Chamber Shape

[bar]
[rpm]
[°CA]
[°CA]
[ms]
[-]
[-]
[-]

~3
1300
-350°ATCD
Sweep
5
Sweep
Port Injection
Offset Bowl

17

Mass Air Flow Rate [g/s]

6.5

16.5

6
16

5.5
Without Insert
With Insert

5

15.5

4.5

15

4
14.5

3.5
3

Fuel Flow Rate [ml/min]

7

14
1

1.2

1.4
1.6
Lambda [-]

1.8

2

Figure 6-1: Mass Air and Average Fuel Flow Rate Results - Low Load Engine Tests

An overall summary of the engine tests with and without the insert are shown in
Figure 6-2. Initially, there was no significant difference in the IMEP for an excess air
ratio (denoted by the symbol λ) of 1 to 1.4. When the air/fuel ratio was increased further,
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without the insert, there was a slight drop in load at λ=1.6, and a significant drop in the
load at λ=1.8.
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IMEP [bar]
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2.8
2.6
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340
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350
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Figure 6-2: Overview of Low Load Engine Tests

From the data above, the MBT timing data points at the different lambda values
were collected and analyzed. Figure 6-3: shows the results of the IMEP and the COVIMEP
for the MBT timing.
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Figure 6-3: Low Load Engine Test MBT Results – Baseline and Enhanced Swirl

At the low load conditions, it was observed that there was no significant
difference in the IMEP and COVIMEP until λ=1.7. Beyond λ=1.7, the IMEP dropped
significantly without the insert. The COVIMEP also increased significantly, to
approximately 30%, at this excess air ratio. However, with the insert, the IMEP was
maintained and a lower COVIMEP was produced at λ of 1.7 and above.
Figure 6-4 shows the effect of swirl enhancement on the combustion timing at
different excess air ratios at low load. It is shown that the ignition delay was consistently
lower with the insert throughout the lambda sweep with the maximum of 8°CA
difference with respect to the without insert case at λ of approximately 1.6. The
combustion duration was also decreased which indicated that the increased swirl motion
increased the mixing and flame propagation speed which resulted in a faster, more
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complete combustion. This also indicated by the emission data shown in Figure 6 -5
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Figure 6-6: Effect of Enhanced Swirl on HC Emissions at Low Load
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Figure 6-7: Effect of Enhanced Swirl on NOx Emissions at Low Load

From the emission data in Figure 6 -5, it was shown that at each excess air ratio,
the CO emission results of the insert were much lower than the baseline. At λ=1, the
reduction was more than 38% with the increased swirl. However, as the dilution level
was increased to give an equivalent excess air ratio of λ=1.25, the difference in the
concentration of CO with the introduction of increased swirl was much less.
Nevertheless, as the charge was made leaner (λ = 1.5 - 1.7), the reduction in the CO
emission remained at around 30%. This reduction could be attributed to the increased
mixing of the in-cylinder charge, reducing the fuel rich regions and increasing the
oxidation of CO into CO2 [49]. A similar trend was observed in [34], where a large initial
decrease in CO emissions was observed followed by similar concentrations at λ = 1.2,
and further decreases for λ > 1.3 with increased in-cylinder air motion.
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The THC emission concentrations for both cases showed similar trends with
initially higher THC concentrations at λ=1, followed by a slight decrease as the excess air
ratio was increased (λ=1.25 – λ=1.5), and an eventual increase for leaner conditions. The
increased swirl could have helped to oxidize the hydrocarbons at λ = 1 and λ = 1.5 - 1.7
indicated by the lower THC emission of the insert cases. The largest difference was
observed at λ = 1.7, with a 56% reduction in the THC concentration. This reduction was
mainly due to the combustion instability experienced at that λ without the insert,
indicating that the cycles misfired. In addition, as the excess air ratio was increased, the
combustion temperature was lowered, which was a favorable condition for the formation
of HC emissions. However, the increased intake swirl showed the ability to produce a
more stable combustion at λ=1.7 (COV of ~ 7% compared to ~30%) with a large
reduction in the HC emission.
The NOx emissions were greatest at λ=1 and continued to decrease as the mixture
became leaner and the maximum combustion temperature reduced. The concentrations
were similar at the two different levels of swirl except at λ=1.7, where the combustion
was unstable for the case without the insert. It was expected that the higher level of swirl
would see an increase in the NOx emissions due to the higher combustion temperatures
caused by the increased combustion rate. However, others factors such as heat transfer,
may have caused a decrease in the in-cylinder temperature thereby reducing the NOx
generation [51].
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6.2 Engine Test Results - High Load with Enhanced Swirl
Tests were conducted on the single cylinder research engine similar to the low
load tests with increasing levels of dilution. A target IMEP of approximately 6.5 – 7 bar
was sought as the excess air ratio (λ) was increased. The mass flow rates for the tests
conducted with the enhanced swirl were set to the same as the baseline measurements
without the insert. The mass flow rate was maintained by supplying higher intake boost
pressures via the compressed air supply. The fuel flow rate was also maintained similarly.
The results of the mass flow and fuel flow rates for the two different tests are shown in
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Figure 6-8: Mass Air and Average Fuel Flow Rate Results - High Load Engine Tests

The high load engine test conditions are provided in Table 6-2. The engine speed
was maintained at 1300 rpm for all tests conducted. As shown in Figure 6-8, the fuel flow
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rate and injection duration were maintained as the throttle valve opening and boost
pressure were increased to increase overall air-fuel equivalence ratio. A spark timing
sweep was performed at every excess air ratio to obtain the timing which produced the
maximum brake torque (MBT). Similar to the low load tests, the spark ignition timing
was advanced until either the knock limit was noticed or the COVIMEP was increased and
retarded until there was a substantial drop in the engine load and a high level of COVIMEP
was reached.

Table 6-2: High Load Engine Test Conditions
IMEP
Engine Speed
Start of Injection
Spark Timing
Ignition Charging Duration
Lambda

[bar]
[rpm]
°CA
°CA
[ms]
[-]

~6-7
1300
Sweep
5
Sweep (1.2-2.2)

An overview of the baseline and enhanced swirl engine tests are shown in Figure
6-9. The IMEP and corresponding spark timings are shown at different lambda values.
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Figure 6-9: Overview of High Load Engine Tests

A preliminary indication from the high load engine tests was that with the
enhanced swirl, a higher load level could be maintained even as the charge dilution was
increased. This was especially true for the cases with the same ignition timings.

Figure

6-10 illustrates the comparison of the MBT data points from the baseline and enhanced
swirl test results at the different levels of charge dilution.
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Figure 6-10: High Load MBT Results – Baseline and Enhanced Swirl

The results with the enhanced swirl showed a more stable IMEP across all excess
air ratios. The trend showed an initial increase of up to λ=1.95, where a maximum load of
6.95 bar IMEP was produced, followed by a slight decrease until reaching a minimum of
6.29 bar at λ=2.2. The baseline results showed a maximum IMEP of 6.58 bar at λ=1.68
and the trend then decreased for further increases in the dilution level. In addition to the
increase and sustainment of the IMEP, the cycle-to-cycle variations were consistently
lower than the baseline results indicated by the COVIMEP. For both cases, the COVIMEP
progressively increased as the lambda was increased. However, the COVIMEP of the
baseline increased very sharply to 18% at λ=1.9 while the swirl enhanced result still
remains at an acceptable 5%. The cycle-to-cycle variations continued to increase at λ>2,
although the variability was approximately half that of the baseline. Thus, the results in
Figure 6-10 indicated that the enhanced swirl could help retain the engine load
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and assist in lowering the cycle-to-cycle variations by increasing the mixing and flame
propagation of highly diluted charges.
To further investigate the effect of the enhanced swirl, the combustion timing and
phasing of the MBT data points were analyzed. The combustion duration, defined as the
crank angle between when 10% to 90% (CA10 – CA90) of the mass fraction of fuel is
burned, is presented in Figure 6-11.
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Figure 6-11: Effect on Enhanced Swirl on the Combustion Duration with Different
Excess Air Ratios

The combustion duration increased as the dilution level was increased for both the
baseline and the enhanced swirl cases. The combustion durations for all excess air ratios
were reduced with the enhanced swirl. A negligible difference in the combustion duration
at λ=1.25 was noticed for the enhanced swirl. However, as the mixture became leaner, the
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enhanced swirl decreased the combustion duration with respect to the baseline almost
linearly up to λ=1.8. The combustion with the enhanced swirl achieved a maximum
reduction in the combustion duration at λ=1.95 of more than 11.3 °CA. As the dilution
level was further increased, the combustion duration began to decrease for the baseline
engine results. The decrease in the combustion duration at this excessively lean condition
was probably caused by the extinguishing or quenching of the flame front which resulted
in incomplete combustion. As a result, the combustion duration for the baseline results
was decreased as the combustion efficiency decreased.
The THC emission results are displayed on Figure 6-12, which highlights the
combustion inefficiency of the baseline results. The HC emissions from the enhanced
swirl were consistently lower than the baseline for λ>1.7. This indicated that the
increased swirl assisted the more complete combustion of the fuel when the air to fuel
equivalence ratio was increased; and as a result, the engine load level was maintained
(shown earlier in

Figure 6-10) caused by the increased mixing and increased flame

speed.
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Figure 6-12: Effect of Enhanced Swirl and Excess Air Ratio on HC Emissions

To further investigate the effect of enhanced swirl on the combustion
characteristics, the in-cylinder pressure and heat release rate were examined. Figure 6-13
& Figure 6-14 show the results of the MBT timing of the enhanced swirl that produced
the highest engine load and the baseline results at λ=1.95. The comparison of the other
MBT data points at different excess air ratios can be found in Appendix D. As shown in
Figure 6-13, the enhanced swirl advanced and increased the total heat release rate (HRR).
This enhanced swirl motion in the cylinder could lead to an increase in the in-cylinder
turbulence intensity. As a result, the flame speed would increase which could explain the
increase in the HRR and the cylinder pressure.
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Figure 6-13: Effect of Enhanced Swirl on In-Cylinder Pressure and Heat Release Rate at
λ = 1.95

The mass fraction burned (MFB) is shown in Figure 6-14 as a function of crank
angle. The enhanced swirl showed a much steeper increase in the rate that the fuel energy
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was released. This was true across all excess air ratios and is illustrated in Figure D-3 in
Appendix D, shown by a decreased variation in the burning rate for the enhanced swirl.
The increased burning rate enabled a decrease in the combustion duration (CA10-CA90)
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Figure 6-14: Effect of Enhanced Swirl on Combustion Speed at λ = 1.95

Figure 6-15 displays the effect of enhanced swirl on the indicated thermal
efficiency. The thermal efficiency was calculated using Equation 6.2 and a lower heating
value (LHV) of 43 MJ/kg was used for gasoline [45].

𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =

𝑃𝑖𝑛𝑑
ṁ𝑓𝑢𝑒𝑙 𝐿𝐻𝑉

95

Eqn 6.1

CHAPTER 6: ENGINE TEST RESULTS

where 𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 is the indicated thermal efficiency [-], Pind is the indicated power [kW],
ṁfuel is the mass flow rate of fuel [kg/s], and LHV is the lower heating value of the fuel
[kJ].
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Figure 6-15: Effect of Enhanced Swirl on Indicated Thermal Efficiency at High Load

As can be seen from Figure 6-15, the enhanced swirl had the ability to increase
the indicated thermal efficiency across all excess air ratios. As the excess air ratio was
increased, from λ=1.2 up to λ=1.6, a slight increase in the thermal efficiency was noticed.
A maximum thermal efficiency of 38.1% for the baseline condition occurred at λ=1.68.
The increase in efficiency between 1.2>λ>1.95 was linear until reaching a maximum of
40.3% at λ=1.95 with the enhanced swirl. At leaner conditions (λ>1.95), the efficiency
decreased, although at a reduced rate than the baseline. This was mainly caused by the
combustion instability, indicated by the increased cycle-to-cycle variations.
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Figure 6-16: Effect of Enhanced Swirl on Indicated Specific Fuel Consumption

Figure 6-16 illustrates the effect of enhanced swirl on the indicated specific fuel
consumption (ISFC). It was shown that the enhanced swirl had a major impact on the
reduction in the specific fuel consumption. The largest reduction occurred at λ=1.95, that
is a decrease in fuel consumption by more than 17% over the baseline. As the air dilution
was increased further, the ISFC increased due to the poor combustion resulting from the
unfavourable combustion conditions and slow flame speeds.

6.3 Chapter Summary of the Effect of Enhanced Swirl on Combustion
These engine tests demonstrated that the increased swirl noticed on the flow
bench with the insert translated to an increase in performance when the excess air ratio of
the cylinder charge was increased. For both load conditions, the mass air flow rate and
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fueling rate for the tests conducted with the insert were matched to the corresponding
baseline measurements.
The enhanced swirl was investigated at a constant engine load of approximately 3
bar IMEP. The increased swirl maintained the engine load beyond λ > 1.6 and
significantly lowered the COVIMEP. The CO emission concentrations were reduced
throughout all excess air ratios. This indicated an increase in the combustion efficiency
with the enhanced swirl. In addition, the combustion duration was lowered compared to
the baseline results.
The effect of the enhanced swirl was investigated at a higher engine load of
approximately 6 bar IMEP. At λ = 1.95, the increased swirl enabled a load of 6.95 bar
IMEP with a COVIMEP of 5% in contrast to the baseline result of 5.77 bar IMEP and a
COVIMEP of over 18%. A lowered THC emission was achieved with the increased swirl;
especially as the dilution level was increased, indicating that the combustion efficiency
was improved by the increased oxidation of hydrocarbons. Further analysis of the
cylinder pressure curves was conducted. It was found that the maximum cylinder
pressure was increased with the enhanced swirl. This could be caused by the increased
flame speed and as a result the heat release rate was increased. This was noticed for all
air-fuel equivalence ratios indicated in Figure D-1 in Appendix D. Overall, an increase in
the indicated thermal efficiency was achieved. The largest improvement occurred at λ =
1.95 producing an efficiency of 40.3%. Finally, the fuel consumption was compared
which showed that the overall trend decreased the indicated specific fuel consumption
with enhanced swirl until the cycle-to-cycle variations increased and misfire occurred.
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CHAPTER 7: CONCLUSION AND FUTURE WORK
In this chapter, a summary of the results achieved throughout this research work
are presented. Recommendations for future work are also provided for the continuation of
this research.

7.1 Summary of Results
A steady-state flow bench system was developed and used to conduct tests to
investigate the air motion, specifically swirl motion, produced by the intake port
geometry of a two-valve single-cylinder engine. The swirl speed measurements were
obtained from a vane-type swirl meter developed in-house. Flow bench tests provided a
baseline measurement of the swirl ratio generated by the intake port. An intake generated
swirl ratio of 1.34 was determined from the baseline measurements.
A mold of the intake port was cast and 3D scanned to obtain a geometrically
correct model for a three dimensional CFD numerical model. The results from two
different models were compared with experimental test results and the model with the
finer grid appeared to show a more similar trend. The finer meshed model was used for
the evaluation of different geometries to increase the swirl. Simulation results indicated
that the helically shaped insert produced the largest increase in swirl speed and was
selected for manufacturing. The helical insert was tested on the flow bench to determine
the increase in swirl speed and new swirl ratio. The insert proved to increase the swirl
ratio from 1.35 to 1.54, a 14% increase in the overall intake generated swirl ratio. Engine
tests were conducted incorporating the insert to increase the swirl motion. A combustion
analysis was completed to investigate the effects of increase swirl motion on diluted
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combustion. The results showed that the COV was decreased at both low and high loads.
The hydrocarbon emissions were also decreased, indicating that the combustion was
more complete. A combustion efficiency analysis was performed which showed that the
case with the increased swirl exhibited higher efficiency. Analysis of the pressure curves
for the MBT between the two cases show an advanced combustion phasing with the
insert. The increase in swirl shows some advantage for lean-burning combustion.

7.2 Recommendations for Future Work
The following are recommendations for the continuation and pursuance of future
work related to this research:


The performance of the vane-type swirl meter should be investigated due to the
associated disadvantages of this type of device for the measurement of swirl. An
impulse-torque swirl meter, which incorporates a flow straightening device, can
be used to measure the angular momentum at the same positioning as the vanetype swirl meter to determine the possible benefits of using this device for swirl
measurement.



Measurements of tumble air motion, which is the rotational air motion about an
axis perpendicular to the cylinder axis, should be made to determine if there are
any changes with the use of the insert. This investigation would provide further
insight into the change in air motion influenced by the insert.



Higher test pressures for the steady flow measurements of swirl should be used to
investigate the effect on the flow parameters and resulting swirl ratio value.

100

CHAPTER 7: CONCLUSION AND FUTURE WORK



Particle Image Velocimetry (PIV) tests should be conducted to obtain the velocity
in different planes within the cylinder. This would add an additional method of
comparison with the CFD results for further model validation. The swirl speed
can also be analyzed through PIV tests, as a less intrusive investigation and
compared with the swirl meter results.



Further engine tests should be conducted with and without the insert incorporating
a regular, single pole, spark plug to differentiate the benefit of the insert and
three-pole spark plug. Investigations should be made to determine the effect of the
air motion and ignition system separately.



Furthermore, an optical access window into the combustion chamber along with
high-speed imaging would provide further insight into the effect of the air motion
on the combustion process by providing a visual aspect on the in-cylinder
combustion.
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APPENDIX A: CALIBRATION OF DIGITAL PRESSURE SENSORS

The following shows the test results of the differential sensor calibration of both
the orifice and port. A U-tube manometer filled with water and red coloured dye was
used and the visual reading was recorded. The electronic signal from the pressure sensors
were recorded in a LabVIEW program. The NXP USA MXPV7025 differential pressure
sensors had a range of ±25 kPa which was more than suitable for this application. The
figure below shows the test results of the pressure sensor and manometer readings. The

Manometer Measurement [cm H2O]

valve lift was fixed while the mass flow rate was varied.
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Figure A-1: Calibration Test of Orifice Pressure Sensor

The values of the line fit of all three tests were averaged and the resultant
calibration equation line was input in the LabVIEW program to account for the correction
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in the pressure readings. In a similar manner, the port pressure sensor was calibrated from
the test data shown below.

Manometer Measurement [cm H2O]
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Port pressure sensor
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Figure A-2: Calibration Tests of Port Pressure Sensor
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APPENDIX B: AIR BOX DESIGN AND FABRICATION
This section will discuss the air box design and fabrication outlining the materials
and components. The design was inspired by the flow bench design guide found in [40].
The vacuum motors selected for the air box are the same models which are used
for commercially available flow benches. The air box structure is made from ¾ inch
medium density fiber board (MDF) and fastened together with wood glue and 2.5 inch #
10 screws. A chamfer was cut along the outside edges of the structure using a wood
router in efforts to remove any shape edges and corners. A bead of silicon sealant was
applied to all inside joints, shown in Figure B-1, in efforts to minimize the chances of
internal leakage.

Silicon Sealant

Figure B-1: Sealing of Air Box Joints
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Four holes were, larger than the vacuum intake nozzle, were cut into the divider
section of MDF. In order to ensure a smooth entry of air to the motors, a radius was cut
into the edges of the holes as indicated in Figure B-2.

¾ inch Radius

Figure B-2: Divider Board Inlet Entrance to Vacuum Motors

The vacuum motors were mounted to the divider board using an industrial
strength two part epoxy. A hole was cut into the side of the box to allow the electrical
wires to pass through then later sealed with silicon. The electrical wires were brought into
an electrical junction box and connected to four switches; one for each motor. The
current draw from an individual motor was measured at approximately 10 amps. Due to
the electrical breaker limitation of 15 amps, a power cable was wired to each switch to
enable the ability to use separate outlets.
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For convenience, the top was made removable for inspection and was sealed
using adhesive weather stripping. A 4 inch hole was cut into each end of the box for the
air inlet and outlet. A 4 inch to 2 inch plumbing reducer was mounted on the outlet side
for the connection to the approximate 2 inch inlet on the orifice flow meter. The final
product is shown in Figure B-3.

Figure B-3: Air Box Assembly
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APPENDIX C: SWIRL METER DESIGN
This section provides the detailed dimensions of the paddle wheel swirl meter
design for this work. All components were fabricated in-house at the University of
Windsor. The blade profile was cut on a wire EDM (Electrical Discharge Machine)
which uses high voltage and current to cause a breakdown of the material. Due to the
very thin wire and low residual stresses, very intricate geometries can be obtained. The
overall geometry of the blade is detailed in Figure C-1. The diameter of the blade is
approximately 88.6% the size of the bore.
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Figure C-1: Swirl Meter Blade Dimensions
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APPENDIX D: PRESSURE, HRR AND MBF OF MBT TIMING AT HIGH LOAD
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Figure D-1: Effect of Enhanced Swirl In-Cylinder Pressures at High Load

Heat Release Rate [J/°CA]
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Figure D-2: Effect of Enhanced Swirl on the Heat Release Rate
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Figure D-3: Effect of Enhanced Swirl on the Mass Fraction Burned
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